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Abstract 
 
This project aims to develop a mesh based “Force Calculation Model” of the meltblowing 
process. To develop this model, the resulting forces due to air flow over the fibre during 
air-drawing must be calculated. This individually, however, is not enough. The model 
must be developed parametrically to allow rapid simulation of a variety of die geometries 
and process parameters. This allows researchers as well as industrial users to predict 
fibre behaviour and size – and thus the properties of the resulting fibre mats quickly and 
efficiently. To achieve this, an algorithm to calculate the force on the fibre at any given 
point with any given air speed and die geometry must be developed. This was achieved 
using fundamental fluid dynamics models for jets in a free space, which are solved using 
a Python script and output into MSC MARC, with the corresponding geometry and mesh 
being automatically created. 
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1.0 INTRODUCTION 
 
A nonwoven fabric can be defined as a sheet of fibres, continuous filaments or chopped yarns 
which are laid into a semi-randomly oriented web structure and then bonded by any means 
other than weaving or knitting (EDANA, 2009). 
 
Nonwovens are considered an engineered fabric, which is to say their properties can be 
determined by the process of their manufacture. The fundamental component of the nonwoven 
is the fibre. This fibre is drawn and bonded in a variety of ways, which each have impacts on 
the fibres final properties. By correctly choosing the manufacturing processes as well as 
material properties, desirable properties such as flame resistance, electrical conductivity, 
filtration effectiveness or thermal insulation can be achieved. To this end, by choosing an 
appropriate fibre drawing process, the desired fibre can be created.  
 
The chosen process alone, however, is not finally responsible for the form and thus properties 
of the fibre. The last variables in this process are the manufacturing parameters such as die 
geometry and process parameters such as polymer temperature and drawing speed. Even 
with the same polymer, these parameters can greatly affect the final shape and thus properties 
of the fibres and fabric. 
 
This report outlines the work done towards the production of a parametric fibre drawing model 
for the meltblowing process. This research differs from previous approaches, because rather 
than utilising a simplified dynamics or mathematical model, the process was modelled with a 
full mesh utilising Fluid Structural Interaction (FSI) and Finite Element Analysis (FEA), an 
approach which has not previously been published. 
 
The advantages of this approach are twofold. Firstly, by modelling the entire process on a 
mesh, a greater amount of data can be obtained from the simulations. Where the mathematical 
models typically calculate specific parameters, i.e. the resultant fibre diameter or temperature 
for a set of production parameters, the whole fibre attenuation and cooling process could be 
observed across the mesh in the final model, thus allowing a greater insight into processes 
such as fibre crystallisation and cooling which are hard to observe on production lines.  
 
Secondly, due to the parametric nature of the final intended model, fibre manufacturers, as 
well as researchers, will be able to quickly conduct studies utilising varied parameters such as 
die geometry and materials choices – assuming sufficient material data is available. 
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1.1 Project Objectives 
 
Initially, the scope of the project included conducting a suite of material tests to determine 
elastic-plastic properties at varying temperatures, for use in the simulations. However, due to 
no availability of suitable material models, the scope of the project was reduced to focus on 
generating a simplified parametric model and developing the testing procedure for further 
studies.  
 
The main objectives of the project were: 
 
• Utilising flow models from previous literature, develop a “force calculation model” which 
calculates the force on the fibre at any given point along the spinneret axis based on 
the air flow speed.  
• Write accompanying code to store calculated data for usage with MARC simulations. 
• Utilise the calculated force table to Develop a 2D FEA model and compare multiple 
meltblowing die types.  
 
1.2 Software Choices 
 
Throughout the development of the models two main simulation software suites were used, as 
well as some additional software for creating preliminary geometry.  
 
• Advanced Dynamic Incremental Nonlinear Analysis, or ADINA, (ADINA R & D, Inc., 
Watertown, USA) was identified as a possible software for solving coupled FSI 
equations, due to its previously published uses (Bathe et al.,1999). While initially 
successful, the capabilities of the software in respect to the modelled process were 
ultimately found to be lacking. 
 
• To create the more complex geometry for ADINA, Siemens NX (Berlin, Germany) 
was used. 
 
• MSC Software’s MARC/Mentat (MARC) (Newport Beach, CA, USA) was used as the 
final software, which utilises the data calculated in the developed Dynamic Force Model 
for its simulations. 
 
Furthermore, the Dynamic Force Model was developed utilising Python 4.5.3 as the input 
language.   
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2.0 INTRODUCTION TO NONWOVENS AND THEIR FIBRES 
2.1 Characterisation of Nonwoven Fabric Types 
 
Liao et al. (1997) define nonwoven fabrics as “sheet or web structures made by bonding or 
interlocking fibers or filaments using mechanical, thermal, chemical, or solvent means”. In 
layman’s terms, a nonwoven fabric consists of many individual fibres with (statistically) random 
orientation and length, which are pre-laid as a “web” and then bonded by one of multiple 
bonding methods.  
 
The main bonding methods for nonwoven mats are thermal, chemical and mechanical 
bonding. Thermal bonding of nonwovens refers to melting either the fibre itself or a sheath 
around the fibre to join the fibre web permanently. This can be achieved either by “calendering” 
where the fibre mat is rolled between two hot rollers, one of which is embossed or engraved 
with a pattern which is then stamped into the fabric. Thus, bond points are formed in the fabric 
where the polymer is melted. These bond points hold the fibre matrix together and give it its 
strength (see Figure 1). 
 
 
Figure 1 – Microscope image of thermo-bonded nonwoven fabric (Demirci et al. 2011). 
 
Other methods of thermal bonding are through-air thermal bonding, which utilises hot air jets 
that melt fibres together as they are heated, drum and blanket systems and sonic bonding 
which, similarly to calendering, uses a patterned roller but utilises high frequency waves to 
produce internal heating of the molecules within the fibre. 
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Chemical bonding refers to a variety of bonding processes, which involve bonding the laid 
fibres utilising a chemical agent such as an adhesive or resin, generally applied by drawing the 
fibre mat through a reservoir of bonding agent, or by utilising a process known as print bonding, 
where the bonding agent is applied with a spray gun. This results in somewhat irregular 
bonding patterns between the fibres (see Figure 2). 
 
 
 
Figure 2 - Chemically bonded nonwoven (EDANA, 2009). 
 
According to Russell (2007), the applications of chemically nonwovens are highly varied, 
ranging from commercial disposable wipes through medical products to automotive carpets 
and upholstery for furniture. 
 
Mechanical bonding covers the processes of stitch-bonding, needle-punching and hydro-
entanglement. Needle-punching and hydro-entanglement do not add materials to the fabric, 
but rather use needles (or water jets in the case of hydro-entanglement) that cause fibres within 
the web to tangle and bond permanently due to inter-fibre friction. As with traditional machine 
sewing, in stitch-bonding, the fibres are stitched together with the addition of a binding filament 
(see Figure 3). 
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Figure 3 - Stitch-bonded nonwoven fabric (H&B, 2018). 
 
With this method, the fibre web is bunched and held together by the lines of thread which 
effectively bind the fibres. Much like chemically bonded nonwovens, these fabrics are used for 
a large variety of applications, but unlike chemically bonded fabrics, mechanically bonded 
fabrics are often used for washable domestic fabrics. 
 
Hydro-entanglement is a mechanical nonwoven bonding process that utilises high pressure 
water jets which interlace and tangle the fibres. According to EDANA (2009), the water jet 
pressure has a direct influence on the resulting fabric strength, as higher pressure will cause 
more fibre entanglement, but it is stated that this is not the only deciding factor. 
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2.2 Nonwoven Fibre Creation Processes 
 
As the focus of this study is not the fibre mats but rather the creation of the fibres, it is important 
to understand the most common fibre creation processes used for nonwovens. These are: 
 
Spunlaid 
 
Spunlaid nonwoven or spun laying refers to the process of extruding a polymer through a die, 
after which the polymer is cooled and stretched and then entangled by a secondary airflow. 
After the fibres are entangled, they are laid on a conveyer to be bonded and finished (see 
Figure 4). Spunlaid is utilised widely in industry and makes up the bulk of production of 
spunmelt production due to its low cost and high output rates. 
 
 
Figure 4 - Spunlaid process schematic (Ashai Kasei, 2012).  
 
While spunlaid and meltblowing are similar, the main difference is that the spunlaid process 
contains two sets of air jets, one set for cooling and a second set for entangling, whereas in 
meltblowing the air provides the primary attenuation and entangling force simultaneously. 
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Electrospinning 
 
In electrospinning, a polymer solution is charged and exposed to a strong electric potential, 
and thus fibres are drawn between the positive and negative cathode, i.e. the polymer nozzle 
and the collector plate (see Figure 5). This results in extremely fine fibres, often nanofibers, 
which are categorised as fibres with a diameter of less than 100nm. Although these fine fibres 
are attractive for applications such as bacterial filtration, their high cost and low scalability of 
production makes electrospinning a niche process which is barely utilised for industrial 
applications. 
 
 
Figure 5 - Electrospinning process schematic (Oxolutia, 2014). 
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Meltblowing 
 
A similar process to spunlaid, meltblowing, makes up the rest of spunmelt production. Molten 
polymer is extruded through multiple die orifices arranged in a line and then drawn and 
attenuated rapidly by high speed, high temperature airflow from air slots or “knife slots” on 
each side of the orifice (see Figure 6). 
 
 
 
Figure 6 - Meltblowing schematics. Top, process schematic (IIt Delhi, 2009), bottom left, 
3D view of die orifice (Krutka et al., 2002), bottom right, die close-up. 
 
As with spunlaid, meltblowing is a fast process capable of producing a large range of different 
fibres with a high production volume. Meltblowing is highly versatile and the process can be 
tailored to create a large range of different fibres as desired. Meltblowing is however also 
limited in its range of applications, as for similar fibres spunlaid is generally cheaper as well as 
meltblowing being incapable of producing as fine nanofibers as electrospinning. 
 
Meltblowing attributes its versatility to the varied die geometries which can be utilised in the 
process. These range from “standard” dies proprietary to different companies (see Figure 7) 
to more experimental setups, such as utilising supersonic airflow with a de Laval nozzle or 
including louvers or baffles in the air stream. Meltblowing can also be utilised to create hollow 
or bicomponent fibres by injecting a second polymer or gas into the centre of the main fibre 
(see Figure 8). Due to its versatility, meltblowing will be the focus of this study. 
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Figure 7 - Melt blowing die types: A - Exxon; B - Fourne; C - Schwarz. a) melt, b) 
compressed air c) melt distribution chamber, d) housing, f) filaments. (Silva, 2010). 
 
Figure 8 - Non-traditional meltblowing nozzles. De Laval nozzle (Lewandowski et al., 
2007), hollow fibre nozzle (Marla et al., 2006) and meltblowing die with louvers 
(Shambaugh et al., 2015). 
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3.0 THE MELTBLOWING PROCESS 
 
Meltblowing is the process of drawing molten polymer into thin fibres utilising high pressure 
heated air from two slots adjacent to a row of polymer nozzles, as opposed to mechanical 
drawing. This process is used on a large scale for commercial nonwovens production and has 
therefore been the subject of many research papers with researchers aiming to build models 
which allow them to predict certain or multiple aspects of fibre production. In terms of die 
geometry, there are multiple die parameters which can be varied to control the resultant fibres 
(see Figure 9). 
 
Figure 9 - Typical meltblowing die with relevant variable measurements highlighted (a: 
nozzle width; b: inset distance; c: capillary to slot distance; d1&d2: slot width; e: 
polymer capillary width; θ1, θ2: air slot angle). Left: cross section through the centre line 
of the capillary. Right: 3d view of multiple nozzles (image from Krutka et al., 2002). 
 
Silva (2010), reviews a range of applications for meltblowing process parameters as well as 
basic and advanced properties and process parameters for meltblown fibres. Primarily, the 
large range of applications for meltblown fabrics is investigated, with the main success being 
attributed to the variability of fibre diameters which is stated to be between a minimum of 0.1 
microns up to as large as 15 microns. Silva (2010) states that due to these variances in 
diameter as well as the variability of softness, porosity and rigidity, meltblown fabrics are used 
for filtration, absorbents, sanitary products (hygiene products and medical fabrics) and 
electronic components – specifically battery separators and insulation material within 
capacitors. The authors attribute the uniqueness of meltblowing to the different possible jet 
types, of which three (in this example for mono-component fibres) are investigated further. 
These jet types are the Exxon Jet, the Fourne Jet and the Schwarz Jet (see Figure 7). 
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When examining the critical factors which affect the final web in the meltblowing process, the 
polymer type, temperature, gap sizes, collector distances and flow rate which are commonly 
investigated and varied for numerical analysis. Furthermore, more “process-oriented” factors 
such as the conditions in the polymer extruder (such as polymer degradation) as well as web 
formation and bonding method are highlighted.  
 
Ellison et al., (2007) explore ’new’ uses for meltblowing, attempting to expand upon the typical 
applications by modifying process parameters to create thinner fibres than traditionally 
produced, in this case, nanofibers of similar thickness to those produced when using 
electrospinning (under 500µm). In this study, they utilise three materials and investigate both 
the reductions in fibre thickness as well as fibre breakage, as seen during the meltblowing 
process. These materials are polypropylene (PP), polybutylene, terephthalate (PBT) and 
polystyrene (PS). In their experiments, the meltblowing die itself remains unchanged. The 
parameters varied are polymer temperature (Tp), polymer (mass) flow rate as well as air flow 
rate and air temperature at the die exit (Ta) with Tp = Ta.  
Ellison et al. (2007) found that by reducing the polymer mass flow while increasing both the 
temperature and air flow rates beyond standard production values, fibres of under 500µm could 
consistently be produced for each material tested. They attribute this decrease to the polymer 
remaining unsolidified longer, due to the higher starting polymer as well as drawing air 
temperature. Therefore, the attenuation window is increased, as well as the increased air flow 
creating higher drag forces on the fibres – with this force acting on less mass due to the 
reduced mass flow rate.  
Finally, concerning fibre breakup, they state that fibre breakup could be retrospectively 
observed in the fibre web, with the breakage of fibres due to surface tension being represented 
by droplets on the fibre web. However, they also state that no fibre breakup was observed for 
PBT. This observation contradicts a statement made by Silva (2010), who states that no fibre 
ends were ever found in his experimental webs, and therefore contradicts his conclusion that 
the fibres produced by meltblowing must always be continuous.  
Ellison et al. (2007) find that the extent of fibre breakup is dependent on the process 
temperature as well as polymer and air flow rates, observing that for the same polymer and air 
flow rates an increased temperature leads to more spheres, i.e. more breakages. They also 
note that it is possible to induce complete fibre breakup when using both PP and PS by 
increasing the temperature or reducing the polymer flow rate over their regular production 
boundaries. The authors remark that similarly unstable behaviour can be observed in 
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electrospinning. It is concluded that this behaviour could represent a physical limit to the 
smallest fibre size achievable by meltblowing for their chosen polymer.  
 
Traditional Exxon style meltblowing dies can be characterised into five distinct types. In blunt 
dies the width of the nozzle is larger than that of the capillary and in sharp dies the width of the 
nozzle is zero. Flush dies are dies where the point or face of the nozzle is colinear with the die 
face, inset dies are dies where the face of the nozzle is recessed into the die and outset dies 
are the opposite, where the nozzle protrudes from the die (see Figure 10). 
 
 
 
Figure 10 - Representation of Exxon die characterisations (A - Blunt Flush; B - Sharp 
Flush; C – Blunt Inset; D - Sharp Inset; E – Blunt Outset; F – Sharp Outset). 
  
A B 
C D 
E F 
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3.1 Measuring Fibre Diameter  
 
As previously highlighted, the final fibre diameter plays an important role when designing a 
nonwoven for a specific task, for example, for medical clothing, nanofibers are utilised to form 
a web tight enough to act as bacterial shielding. Therefore, being able to predict fibre diameter 
by varying process parameters, such as temperature, as well as air and polymer flow for a 
given die is an excellent time-saving tool. 
 
To be able to accurately predict fibre diameter for meltblowing applications, mathematical 
models must first be verified, therefore, physical experiments must be conducted to obtain data 
against which the models can later be verified. 
 
Moore et al., (2004) aim to increase the amount of publicly available data for commercial scale 
meltblowing dies by conducting a series of experimental production runs and recording 
temperature and air flow measurements during production as well as fibre diameter 
measurements post-production. Previous similar studies focus on single-jet dies, which are 
unsuitable for producing actual fibre mats similar to what would be found on a production line. 
The pilot line used by Moore et al., (2004) had a 4” jet span, with 101 individual jets mounted 
in the centre of two 8” air slots. An experimental plan was developed to choose 24 sets of 
operating parameters which explore as much of the usable range as possible, i.e. parameters 
at which usable fibres are produced. 
 
For measurements, a Pitot tube was utilised for air flow, from which the readings were 
extracted utilising an electronic pressure sensor and a J-type thermocouple for temperature 
readings. Both sensors were mounted on a 3D manual traverse to allow accurate positioning 
of the sensor. Furthermore, a film camera in conjunction with a stroboscope were utilised to 
take photos during the production to measure fibre vibration amplitude as well as fibre diameter 
during production. Post-production, a microscope was utilised to measure final fibre diameters 
in the web structure. 
 
As to be expected, the authors found that the aerodynamics of a larger scale jet were similar 
to the small single die jets, however, it was found that at each end of the jets the air velocity 
and temperatures were higher than at the centre due to the air slots being longer than the jet 
area. In addition, the fibre vibration amplitude depended mainly on the die temperature and to 
a lesser degree the air velocity. The fibre diameter responded as expected to change in 
operating conditions, i.e. a hotter die and higher air speed led to finer fibres.  
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Similar to Moore et al. (2004), Breese & Ko (2003) aim to increase the insight into and data 
available about commercial meltblowing. However, their main focus is not on the production 
but on the fibre formation itself. Therefore, in addition to measuring fibre diameter and speed 
by utilising a high-speed camera and image processing, fibre temperatures were measured 
during production by inserting a probe into the polymer stream and measuring the 
temperatures of fibres utilising an infrared thermometer as they collected on the probe. The 
authors state that this process provided good estimates, and support this by stating that the 
temperature of the collected fibres did not decrease quickly, showing that the thermal 
conductivity of the collection probe did not affect the temperatures of the fibres dramatically.  
 
To measure fibre velocity and acceleration, the collecting screen was moved to its maximum 
distance. Their measurements show that fibres move very slowly as they begin to be drawn 
and then accelerate at up to 225000m/s2 at around 2.5cm from the face of the die. The 
magnitude of this initial peak in acceleration is highly questionable, especially when compared 
to their maximum measured fibre velocity of 60m/s at around 4cm from the die face. This speed 
diminishes rapidly, and the mean acceleration measured shows that the fibres seem to travel 
at a constant speed (i.e. do not accelerate further) from around 7.5 to 27cm from the die face, 
where the measurements stop. However, negative accelerations were also recorded, which 
appears to be due to fibres entangling and stopping each other.  
 
Breese & Ko’s (2003) fibre diameter measurements show that the fibres attenuate extremely 
quickly as they emerge from the die face, from their starting point at 380 down to 75µm after 
travelling less than 1cm from the die face. After 10cm from the die face, the fibres have 
attenuated to 6µm, which is close to their final thickness of 5µm at 27cm. The authors conclude 
with remarks regarding the temperatures of the fibres and the effect of this on the 
recrystallization of the fibres, stating that the bulk of the fibres produced do not fully crystallise 
until reaching the collection screen.  
  
Bansal & Shambaugh (1998) attempt to measure both temperature profiles and fibre diameters 
of meltblown fibres on-line at various operating conditions. These measured values were 
compared to previous mathematical models by Uttyendaele & Shambaugh (1990). Following 
the methodology of Moore et al. (2004) and Breese & Ko (2003), the fibre diameters were 
measured optically during production, utilising a camera and high-power flash, while, however, 
simultaneously photographing a wire of known diameter as a reference. In addition, the fibre 
temperatures were measured during production utilising an infrared camera. The effects of 
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each production parameter were studied individually on the production line, with the results 
showing the expected behaviour i.e. a hotter die and higher air speed led to finer fibres. These 
measurements were then compared to mathematical predictions of diameter. The fibre 
behaviour shows the expected rapid attenuation at a close distance to the die with reduced 
attenuation rates further from the die (see Figure 11A). As can be seen in Figure 11B, the 
predicted fibre temperature is substantially higher than the measured temperature – up to 
100°C initially. This is most likely due to the measured values being taken from the surface 
only, due to the optical method. This area is subjected to the most rapid cooling due to the high 
airflow, which could explain the difference, as the mathematical model predicts an average 
temperature. 
 
 
Figure 11 - Comparison between measured and calculated fibre diameters (left, A) and 
temperatures (right, B; Bansal & Shambaugh, 1998). 
 
The authors highlight the plateauing temperatures within the fibre from around y=4cm, which 
they believe to be indicative of the start of polymer crystallisation occurring within the fibre. The 
authors also indicate the suitability of meltblowing for producing finer fibres than traditionally 
expected by utilising higher temperature and higher velocity air but warn of the increased costs 
this may produce. 
  
A B 
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3.2 Predicting Fibre Diameter 
 
Chen et al. (2005) parametrically investigate the effects of process parameters on fibre 
diameter in a meltblowing application. They utilise a previously developed mathematical model 
which incorporates continuity, momentum, energy and constitutive equations. This model was 
compared to experimental data and showed excellent accuracy (Chen & Huang 2003). During 
their simulations, the die geometry and polymer properties are not varied. The processing 
parameters to be investigated are: Polymer flow rate (0.018-0.07g/s), initial polymer 
temperature (230-290°C), initial air velocity (78-235m/s), initial air temperature (280-340°C) 
and melt flow index (150-2000).  
 
The authors observe the expected behaviour during single parameter simulations. Decreasing 
polymer flow rate leads to finer fibres and increases in polymer temperature, initial air velocity 
and initial air temperature also lead to finer diameter fibres. The authors however note, that 
out of all the factors investigated, the initial air temperature has the least effect, where varying 
from min to max only leads to a fibre diameter decrease of about 2.4%. 
 
The authors then carry out experimental testing for verification of their model at various 
parameters. A series of tests is conducted for varying polymer parameters as well as varying 
air parameters. The final average fibre diameters are gathered by randomly selecting a part of 
a final mat to be measured microscopically. These obtained values are then compared to 
predicted diameters (see Table 1, 2). 
 
Table 1 - Varied Polymer Process parameters for experimental testing (Chen et 
al., 2005). 
 
Table 2 - Varied Air Process parameters for experimental testing (Chen et al., 2005). 
 
 
17 
 
As can be seen, the predicted fibre diameter is always slightly lower than the measured 
diameter with percentages of error ranging from 7.2-23%, which the authors consider 
satisfactory. The consistently lower prediction of diameter is not addressed by the authors. For 
the experimental testing, the melt flow index was not varied as the authors only had one type 
of polymer available for testing. 
 
Zhao (2012) investigates the production of meltblown fibres, specifically for the prediction of 
fibre diameters produced with a range of process parameters. A numerical simulation, based 
on the finite difference method, is carried out in an attempt to predict the fibre diameter, with 
the results of this simulation being compared to experimental data. Unlike Ellison et al. (2007) 
the die geometry is varied, specifically only the “inset distance” (see Figure 9, measurement 
b), where the effects of this variance on the air speeds are investigated. The resultant effect 
on the fibre diameter is also measured, with the conclusion being that with an inset distance 
of 0.75mm the fibre diameter is 36.2% finer than at an inset distance of 0mm. 
 
Furthermore, alongside varying the polymer rate, temperature and air velocity, the die-to-
collector distance is also varied from 0-20cm. The effect of each of these parameters is 
compared for both the measured as well as the computed fibre diameter. 
 
Zhao (2015) explains the process designing of verifying the air drawing and jet flow field model 
of a dual slot die for a meltblowing application. Initially, the mathematical air-drawing model 
previously developed by Bansal & Shambaugh (1998) is broken down and described in terms 
of its continuity, momentum, energy and constitutive equations. In the next step, the same is 
done for the Bansal - Shambaugh two-dimensional air jet flow field model, where the model is 
expanded to include equations for turbulent kinetic energy and turbulent dissipation rates. The 
model is simplified to only include half of the flow field, because the symmetrical die design 
means both halves will be identical. This split is along the centre line of the spinneret. 
 
To validate the model, Zhao (2015) carried out physical experiments on a meltblowing 
machine. The process parameters for this test are: polymer flow rate 0.86g/min at 320°C with 
air at 88.5m/s at 310°C. These parameters were varied individually with the other three being 
kept constant. The die geometry was constant with θ = 60°, a = 1.3mm, d = 0.56mm and c = 
0.65mm. The model validation is showcased with a comparison of experimental fibre diameter 
values as well as calculated values showing a well-fitting trend line with the experimental data 
points matching closely. Finally, the effects of varying single process parameters are explored, 
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showing the effects on fibre diameter for both slot air velocity as well as die and melt 
temperature, where higher air velocity and temperature both give thinner fibres.  
 
Lewandowski et al., (2007), investigate the formation of fibres within the meltblowing process 
both through simulations as well as physical experiments. Their mathematical model is a (non-
described) modified melt-spinning model consisting of mass, momentum and energy balance 
equations with the addition of viscoelastic parameters. 
 
Contrary to Zhao (2011) and Ellison et al., (2007), the main focus of Lewandowski et al., 
(2007)’s investigation is not the fibre diameter created during this process, much rather 
parameters such as the temperature and speed of air relative to the spinneret. Furthermore, 
the tensile forces and resulting stresses along the fibres relative to the distance to the spinneret 
are calculated for varying initial air velocities as well as the jet diameter relative to the spinneret 
distance for varying initial air velocity and molecular weight of the polymer. 
 
The computational results are compared to experiments where the production parameters are 
varied across the same range as the simulations. Lewandowski et al., (2007) conclude that the 
optimal spinneret distance for web collection is at 200mm, highlighting the difference in web 
quality achievable by varying the spinneret distance i.e. a smaller distance resulting in a denser 
and stronger web.  
 
Lewandowski et al., (2007) continue to investigate the process, hypothesising that using higher 
speed air at a lower temperature allows for better cooling and solidification of the fibres before 
entering the “whirling zone”. This is then investigated by utilising converging-diverging nozzles, 
so called de Laval nozzles. By utilising these nozzles in experiments, the air speed was 
increased dramatically to supersonic speeds, resulting in the production of much thinner fibres 
(2.7µm at 1.0bar air pressure, compared to 12.6µm at 0.6bar). They continue to highlight the 
prospective uses of these thinner fibres, stating that nonwovens with extremely small fibre 
thicknesses may have broad next generation applications. This interest in smaller fibres is 
mirrored by Ellison et al., (2007), who researched creating thinner fibres reliably utilising 
meltblowing. 
 
Chen & Huang (2003) create a numerical “air drawing” model which considers the variation of 
polymer density as well as specific heat capacity to predict the fibre drawing effects. The 
proposed model consists of continuity momentum energy and constitutive equations as well 
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as air modelling through velocity and temperature in terms of “axial position” – the distance 
from the nozzle. 
 
As seen in comparative papers (Bo, 2012 and Ellison et al., 2007), each process parameter is 
varied individually while keeping the other variables at their starting values. Chen & Huang 
(2003), however, also vary the angle of the slot relative to the spinneret axis (angle θ in Figure 
9) and investigate the effect on the fibre diameter. 
 
For validation, the computational data is only compared to one source of experimental data 
(Harpham & Shambaugh, 1997), where the computed fibre diameter (with all parameters at 
their default) shows a consistently smaller diameter than the experimental data. It is unclear if 
the researchers validated their model with further experimental data or considered this to be 
sufficient. 
 
The results show the same trend as similar papers, with higher temperatures and pressures, 
smaller die sizes and less polymer flow leading to smaller fibres. Additionally, the results show 
a decrease in fibre diameter with reduced angle between the spinneret axis and the air jets 
(i.e. larger angle θ in Figure 9), presumably due to higher air velocities along the drawn fibre 
as a result of the more aligned airstream.  
 
 
3.3 Modelling and Improving Airflow for Meltblowing  
 
Similar to measuring and computing fibre diameters, modelling the airflow of a meltblowing line 
is a highly researched topic. Understanding and thus optimising the airflow allows 
improvements to the system, thus producing better quality fibre webs or energy savings. 
Furthermore, for the proposed study, it is also a vital component, as a good air flow model is 
an essential component of an FSI model. 
 
Harpham & Shambaugh (1997) build on their previous investigation of velocity measurements 
of an air flow field of a dual slot meltblowing jet by expanding to non-isothermal jets. A simple 
experimental setup is described, where heated air is blown through a traditional meltblowing 
die and the temperature as well as air speed are recorded at various points in a 3D coordinate 
system underneath the die face. No polymer was added in the experiments. The 
measurements were made with a Pitot tube as well as a thermocouple. The standard 
deviations for temperature measurements was recorded at between 0.8 and 3°C. The gas flow 
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rate was set to either 100 or 200 L/min with the temperature being varied between ambient 
(21), 121, 221 and 321°C. No explanation for the usage of these figures is given, however air 
flow temperatures of ~330°C are utilised in different studies as standard operating parameters 
(Lewandowski et al., 2007; Chen & Huang, 2003).  
 
The initial measurements of air temperature and speed show symmetrical flow across the 
spinneret axis in direction of the air flow (see Figure 12 B,C), where x is the distance across 
the die face perpendicular to the direction of drawing (see Figure 12 A). 
 
 
Figure 12 - Definition of the coordinate system, temperature measurements and velocity 
measurements of the meltblowing die (air temp 100°C, air speed 23.2m/s; adapted from 
Harpham & Shambaugh, 1997).  
 
This data is then manipulated, along with additional measurements to show information such 
as the velocity and temperature decay along the spinneret centreline. This information can be 
utilised to make conclusions about the attenuation forces as well as the temperatures of the 
fibres at given distances from the jet exit. Harpham & Shambaugh (1997) identify the distance 
between the outside edges of the air jet slots (h in Figure 12) as the characteristic value which 
effects the air flow fields of this type of meltblowing dies.  
 
Krutka et al., (2002) built 2D Planar CFD models of the air-fields of sharp as well as blunt style 
(see Figure 13) meltblowing dies in Fluent 5.5. For both models, the computational domain 
was split with a symmetry condition along the spinneret axis to reduce the computational 
domain by ½, thus reducing the computational time significantly. Multiple studies for varying 
jet angles (θ) were conducted. The mesh sizes were varied depending on die geometry, with 
increases in mesh resolution close to the die exits, where the most complex flow took place. 
A B C 
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Figure 13 - Blunt and sharp meltblowing dies (adapted from Krutka et al., 2002). 
 
The simulation results were compared to experimental measurements and found to be 
qualitatively matching but quantitatively mismatched when the default ANSYS (Canonsburg, 
USA) FLUENT 5.5 k-ε turbulence model was used. When utilising the software’s “realisable k-
ε model” and the Reynolds stress model (RSM) which utilise different equations for energy 
dissipation, the fit of velocity decay curves was improved for both the blunt and sharp die 
geometry in respect to the experimental results. 
 
Krutka et al., (2002) identified the main motivations for utilising CFD as opposed to 
experimental testing as being the reduced time and financial investments associated with 
manufacturing the dies with new test geometry, which can be almost completely mitigated by 
utilising simulations. They state that the current die angle utilised in industrial production is 60°, 
however, due to their CFD results, they believe that further simulations are required to 
determine the optimal angle for the air jets. They highlight future areas of improvement to be 
a full 3D analysis as well as the introduction of the polymer fibre into the turbulent velocity field, 
a variable completely neglected in their studies. 
 
In their follow-up study, Krutka et al., (2005) investigate the results of two of their previous CFD 
studies where the air flow fields of both sharp and blunt meltblowing dies is investigated with 
respect to varying die geometry such as positive, zero and negative inset distances (Figure 14 
parameter a). These studies were verified by comparison to experimentally obtained values. 
In this study, they aim to produce a dataset which allows the user of to predict the mean 
centerline velocity as a function of starting velocity. To do this, the point along the spinneret 
axis at which the air reaches maximum velocity must be determined graphically as a function 
of the angles of the air channels (θ). 
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Figure 14 - Sharp & blunt die geometry, blunt flush and inset sharp dies, respectively 
(adapted from Krutka et al., 2005). 
 
The authors explain how by utilising their dataset and designing a die to have a higher 
maximum air velocity can improve the fibre production speed. However, they also identify that 
while an increase in negative inset distance (e.g. Figure 14, right) increases the maximum 
airflow speed and the turbulence intensity are increased dramatically, which could result in 
fibre breakage. Therefore, in addition to the previous data, the authors developed additional 
graphical data which can be utilised to estimate the turbulence intensity factor along the 
spinneret axis for both sharp, blunt and blunt flush dies at varying angles (see Figure 10), 
showing an increase in turbulence as the angle θ decreases. The turbulence intensity for inset 
and outset dies is also shown for different in and outset distances, showing the aforementioned 
dramatic increase in turbulence as the inset distance increases. An increased outset distance, 
however, reduces the turbulence factor.  
 
Shambaugh et al., (2011) developed a mathematical model of a meltblowing process 
consisting of continuity, momentum and energy equations similar to previous models. They 
expand on this, however, by adding the concept of a “stop point”. A point at which the fibre 
velocity is equal to the air velocity as well as the stress on the fibre being zero, i.e. the point at 
which the fibre has reached its minimum thickness and is no longer attenuated as a result of 
the airflow. The model is compared with previous experimental data and found to have an 
excellent match based on fibre diameter during the attenuation of the fibre. The model is, 
however, only compared to one set of data at the lowest tested air speed (110m/s). It is 
debatable if the verification method can, therefore, be said to validate the model for higher 
speed predictions. 
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In addition to fibre diameters, the fibre temperature for different air velocities is calculated (up 
to the stop point) and as a result of this, the crystallinity of the fibre is calculated as a fraction. 
From the graphical data given, it can be seen that the crystallisation of the fibres up to the stop 
point is minuscule, with the fraction of crystallinity reaching its maximum at 1.6x10-7 at the stop 
point of the 110m/s airspeed calculations. The authors’ state that the optimal temperature for 
recrystallization is 65°C and the minimum temperature reached before the stop point is ~180°C 
(for 110m/s). Therefore, it stands to reason that the fibre crystallinity is low. However, 
especially when compared to the 300m/s results, where the stop point is reached at less than 
half the distance of the 110m/s results (9.1cm from the die face vs 23.5cm from the die face) 
it also stands to reason that the fibre may still be exposed to significant cooling effects – 
especially as a decrease in ambient temperature at further distances from the die face is to be 
expected. Therefore, the authors conclusion that fibre crystallisation is minimal based on these 
results, appears to be flawed. 
 
The next concept introduced by the authors is to modify the airflow during the process by 
introducing a plateau (a point at which the air velocity remains constant as the distance from 
the spinneret) as can be seen in Figure 15).  
 
 
Figure 15 - Air Velocity and air temperature with a 2CM Plateau Introduced (Krutka et 
al. 2011). 
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This plateau is to increase the time at which the fibre is subject to higher speed and higher 
temperature air. The mechanics behind this plateau are not addressed in this paper, i.e. an 
idealised scenario is considered to see how this behaviour affects the fibre attenuation. As is 
to be imagined, the introduction of the plateau leads to an increased attenuation of the fibres, 
with the greatest effect being achieved by introducing a plateau from 0 to 4cm distance from 
the die face. 
 
The introduction of these plateaus shows a decrease in fibre diameter from the original 
53.82μm to a minimum of 20.11μm with the zero to 4cm plateau at an air speed of 110m/s at 
the stop point of 7.1cm, a lower fibre diameter than what is achieved by standard airflow at 
300m/s, where the final diameter is 20.36μm (stop point 9.1cm). Therefore, comparable fibre 
attenuation can be reached with 63% less air, which the authors indicate could provide a 
significant cost-saving due to reduced air consumption. 
 
Following on from their previous research (Shambaugh et al., 2011), the authors focus on the 
theoretical modification of the airflow fields of meltblowing dies to improve the fibre attenuation 
with the secondary effect of reducing the amount of pressurised air required in the process. As 
shown in their previous study, a “plateau” is introduced where the air temperature and velocity 
remain constant over a certain range from the die face. Utilising their previous numerical 
model, the placement of this plateau is varied, with the earliest being the at zero to 2cm from 
the die face, and the latest being from 7.5 to 9.5cm. The results show that the earlier the 
plateau is, the higher the fibre is attenuated, due to higher fibre velocities being reached. The 
authors, however, mention that if the plateau was too long, from a close distance to the die 
face, the simulations became instable. This Indicates that low fibre viscosity cannot be 
tolerated over a certain range. 
 
Due to unsatisfactory on-line crystallisation fractions in their previous study, the authors 
introduce another modification to the airfield, a cold air quench from the die face onwards 
(while maintaining a 1.9cm air velocity plateau). Changes in air temperature from ΔT = 300°C 
to ΔT = 390°C were simulated. The results show that quenching has the expected effect on 
the fibre temperature decreasing rapidly as soon as the quench begins. In terms of 
crystallisation fraction, however, it is found that ΔT = 380°C leads to a higher crystallisation 
factor than ΔT = 390°C showing a diminishing return on the cooling effects. This behaviour is 
backed up by data given by the authors for the crystallisation rate under zero stress (see Table 
3).  
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Table 3 - Fibre crystallisation under zero stress conditions, where C1 is a function of 
Tmax and Kst is the c ristallization rate function. (Shambaugh et al., 2012).  
 
 
The introduction of this quench, however, does naturally have a negative effect on the fibre 
attenuation, as the cooling fibres attenuate to a lesser degree. The final fibre diameter with no 
quench was 16.3µm and with the “optimum” ΔT = 380°C quench the final diameter 
was 31.2µm. 
 
As with the previous study, the calculations are only carried out until the stop point, neglecting 
the cooling or crystallisation time after the fibre stress reaches zero. Therefore, if the fibre has 
not reached the collection screen, further crystallisation would occur while the fibre is still 
on-line. 
 
Shambaugh et al., (2015) highlight the inefficient airflow of a traditional meltblowing die, 
drawing on previous studies (Shambaugh et al., 2011, Shambaugh et al., 2012), which show 
the rapid decay of airflow speed as the air moves from the die itself.  
They highlight two different types of modifications that are possible to improve this. Firstly, by 
adding modifications to the face of the die and secondly, by modifying the internals of the die. 
They propose the usage of baffles or Louvres away from the die but inside the airflow regions, 
to increase the airflow speed at an increased distance from the meltblowing jet 
by concentrating the airflow along a channel instead of it dispersing rapidly, as is 
traditionally the case (Figure 16).  
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Figure 16 - Simplified traditional meltblowing die with added baffles/louvres 
(Shambaugh et al., 2015). 
For the experiments, a dummy jet (without fibre) was used and aerodynamically shaped 
louvres were utilised instead of rectangular ones to improve drag. The louvres were positioned 
at different distances from each other as well as at different angles. The distance Z1 from the 
die face to the upper tip of the louvres was not varied. The results show a large increase in air 
velocity along the centerline of the die, especially with small distances between the louvres. 
An increase of up to 60% in air speed was found in the tests. The authors conclude that this 
increase in speed could be used to reduce the amount of air needed during the process, thus 
making the process more economically viable overall. 
 
Similar to previous studies carried out by Shambaugh et al. (2015) and Shambaugh et al. 
(2012), Hassan et al. (2016) attempt to improve the air flow field and therefore resulting fibre 
production characteristics of a meltblowing die. They propose the addition of air constrictors to 
increase the temperature and air speeds along the spinneret axis. Multiple variations of air 
constrictors are to be simulated to investigate the effect of the length, distance to spinneret 
axis and angle of the constrictors on the airflow (see Figure 17).  
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Figure 17 - Simulated die configuration (Hassan et al., 2016). 
 
The simulation results show that for increasing constrictor length, the initial air flow speed along 
the spinneret line is increased slightly, but the rate of decay is faster than without the 
constrictors. The temperature across the constrictor was unchanged at close distances but 
remained higher after ~1cm from the die face. The narrowest constrictor, at 6mm width, 
resulted in increased initial velocity but initially reduced temperature as well as reduced air 
velocity past 2cm from the die face. The other restrictor configurations all increased air velocity 
and air temperature, as well as reducing initial air turbulence up to around 2cm distance, where 
the turbulence levelled out to values close to the reference simulation. The varied angles (with 
the connected ends of the restrictors being at 3mm distance from the spinneret axis on each 
side) showed the largest increase in centre-line air velocity and temperature was at an angle 
of between 45° and 60°. As previously, the narrow restrictor at 90° increased initial velocity but 
reduced rapidly after around 1cm. The same was true, but not quite as pronounced, for 72°. 
With the restrictors at 60° and 45°, the velocities were higher until around 5cm from the die 
face. The temperatures were improved generally, except for an initial drop in temperature as 
previously with the 90° restrictor. Air turbulence was improved initially as with the previous 
restrictor configurations but increased slightly after around 2.5cm for both 45° and 60°. For 90° 
and 72°, the increases in turbulence appeared much closer to the die face. 
 
As can be seen by examining the previous studies, no significant (published) work has been 
undertaken to develop a unified flow – fibre model on a mesh basis. This model would have 
significant advantages to researchers as well as for industrial applications, where additional 
behaviour, such as 3D fibre movement and cooling could be observed. This literature did 
however provide a host of parameters for case studies & model validation.  
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4.0 ADVANCED FINITE ELEMENT ANALYSIS 
4.1 Alternative Fibre Modelling 
 
Battocchio et al., (2012) introduce the topic of fibre dynamics initially by explaining the influence 
of fibre dynamics on the web structure and therefore the final fabric. The authors highlight five 
previous modelling approaches. The first, modelling the fibre as a Cosserat rod which 
experiences large bending deformations with negligible elongation Marheineke & Wegener 
(2011). The second, a bead-chain model which consists of a chain of spheres that can move 
relative to each other Yamamoto, S., Matsuoka, T (1993). Battocchio et al., (2012) identify this 
model as the most comprehensive model for fibre dynamics but declare its usage limited due 
to high computational requirements. The third previous attempt is explained as a fibre 
discretized into 20 spheroids connected with ball and socket joints. Similar to the third model, 
the fourth model utilises a needle-chain approach Ross & Klingenberg (1997), Nyland et al. 
(1996). Finally, the last previous approach is a rod-chain model, developed by Wang et al. 
(2006), which also has high computational requirements, albeit lower than the bead chain 
model. This model also fails to converge for short fibres with a fibre aspect ratio under 80. 
Battocchio et al., (2012) then explain their modelling approach, and the improvements of their 
model compared to previous similar approaches, such as the use of recursive relations to 
reduce the computational time of the body algorithm. The model produced by Battocchio et al., 
(2012) is explained as utilising a number of rigid “k-rod” elements connected by revolute joints 
and rotational springs, allowing a close representation of dynamic fibre movement when 
subjected to turbulent airflow. The model is then further explained in terms of air drag force 
calculations, with the components of turbulent air simulation and a mixed air drag model being 
explained in depth. 
 
To begin the validation of their model, Battocchio et al., (2012) simulated the dynamics of a 
swinging rod constrained at one end in ABAQUS and compared the deflection to values 
calculated by their model. The validation shows excellent agreement of the fibre behaviour, 
therefore showing the applicability of the model for fibre-like applications. The behaviour of the 
model is then explored further, with the authors investigating the effects of turbulent airflow as 
well as varying fibre lengths and diameters on the convergence of the model. It is stated that 
for the larger fibre diameters of 100 and 200 µm convergence is reached with 1000 rod 
elements along the length of the fibre, but for 50 µm the number of elements would have to be 
increased significantly. Therefore, the effects of damping coefficients were investigated, 
utilising a viscoelastic equation, showing improvements to the convergence when the damping 
was included. 
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The final set of simulations utilised a constant fibre diameter of 50 µm, where the length of the 
rod elements in the model was varied between 10, 20 and 30 µm with each simulation being 
repeated ten times with an average and standard deviation being calculated for the final fibre 
position. The rod element length has a direct effect on the “turbulence length scale” in the 
equation for drag force formulation, therefore affecting the results further than just a supposed 
increase in stiffness of the model due to the increased rod length. Battocchio et al., (2012) 
state that due to the results obtained which show a larger standard deviation for the final 
position, than for smaller rod lengths. This supposed stiffness appears to be false and that the 
displacement is only influenced by the turbulence length scale.  
 
None of the models outlined by these authors contain mesh-based approaches to modelling 
the meltblowing process. This again highlights the opportunity for this type of study. 
 
Sun et al., (2016) developed a novel method of predicting the formation and distribution of 
fibrous webs collected from meltblowing. To predict the behaviour, they utilise a previously 
developed mathematical fibre model comprising of a bead structure with viscoelastic sections 
modelled between the beads. This bead model is then combined with an air jet (CFD) model 
to obtain fibre movements in the air field. Unlike with FSI, these models are not coupled, the 
bead model (in MATLAB) feeds predicted data into the fluid model (in FLUENT) The model is 
initially 2 beads long, but as the fibres are “drawn” further beads are introduced into the system. 
Once the beads reach the prescribed distance from the jet, they are considered to be 
“collected” and the fibres between the beads begin to overlap to form a fibrous web. 
 
This simulated result is then compared with experimentally produced single jet fibre webs, 
produced with parameters equal to the parameters introduced into the mathematical and CFD 
models. The fibrous webs are then analysed for weight distributions on the collector plane and 
an equal distribution is found to occur (see Figure 18, 18).  
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Figure 18 - Basis Weight Distribution (BWD) of fibre webs. Left shows simulated and 
right shows experimentally collected fibre webs for a single-orifice die. (Sun et al., 2016). 
The experiment and comparison were then repeated with a multiple jet die, again showing a 
good correlation of weight distribution between the experimental and theoretical results. The 
model is therefore considered to be capable of predicting a reasonably accurate web collection 
for both single and multiple orifice productions. 
 
 
Figure 19 - Basis Weight Distribution (BWD) of fibre webs. Left shows simulated and 
right shows experimentally collected fibre webs for a Multi-orifice die. (Sun et al., 2016). 
 
Again, while this approach does use a fluid model, the fibre is not meshed. Meshing the fibre 
as well as or instead of the fluid model would offer additional insights into the fibre creation 
and cooling process.  
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4.2 Fluid Structural Interaction (FSI) 
 
When investigating FSI problems it quickly became apparent that although previous fibre 
drawing models include the effects of air drawing, they are not modelled as a full mesh FSI. 
Therefore, to gain an understanding of typical FSI applications and modelling, FSI problems 
not specific to nonwovens will be investigated. 
 
Bathe et al., (1999) begin by explaining the areas where improvement is needed for both 
structural as well as fluid flow problems. They then explain the need for combined approaches 
and highlight a series of applications where FSI simulations are desirable. They then explain 
the process of uncoupled analysis, where the fluid and structural portions of the simulation are 
solved individually, usually by iteratively passing information between a fluid and a structural 
solver, treating the structural components as rigid and the fluid influences as boundary forces 
in the fluid and structural softwares respectively. They highlight the disadvantages of this 
method being complications with simulations involving large deformations as well as the 
meshes not being identical therefore leading to inaccuracies when transferring forces between 
softwares. The solution proposed by the authors is to use a software which can compute 
coupled FSI, in this case, ADINA. 
 
The authors then explain the modelling and computational procedures for FSI applications 
within ADINA, with optional use of further unnamed CAD software to generate geometry which 
can then be imported, instead of generating the geometry within ADINA. The procedure to 
build the simulation model is highlighted, including steps for setting boundary conditions as 
well as other simulation parameters. Complex sample solutions are explained in detail for a 
flow distributor, shock absorber and finally an air compressor. Meshing procedures, as well as 
limitations, are explained for each case, as well as material properties given. 
 
Kim et al., (2014) aim to investigate the structural integrity of a blow out preventer gantry crane 
for usage on an oil drilling rig/drill platform. Therefore, a simplified model of the crane’s frame 
is produced in CATIA. The model is then imported into ANSYS where it, and the surrounding 
air field, are meshed. The authors give no information on which type of elements or element 
sizes are used to mesh the structure, or the surrounding air field. 
 
When considering the forces that the crane will be subjected to, the authors identify the wind 
force and longitudinal, transverse as well as vertical rolling forces due to the movement of the 
ship underneath the crane. These forces are then applied simultaneously in the simulation. 
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The results of the FSI analysis conducted in ANSYS show the crane is subject to a maximum 
stress of 172MPa, which gives the structure a safety factor of 2.03. The intended safety factor 
was 1.5, therefore, the design is valid. The authors give no information on their analysis tools 
further than stating that ANSYS and ANSYS CFX were utilised for the simulation.  
 
Furthermore, the crane was subjected to a fatigue analysis for operation, as the intended 
working period can be up to 20 years. Utilising an S-N curve and the specified operating load, 
the cycle life was identified as 108300 for a fracture point and over 1 million cycles for the 
overall structure – equating to 137 uses per day over 20 years, which the authors deemed 
sufficient. Further information on the proposed treatment of the identified fracture point was 
not given.  
 
While not directly relevant to the process of meltblowing, examining this literature offered 
insights into previous FSI approaches and their benefits. I.e. being able to see the effects of 
the flow on the fibre mesh. Bathe et al. (1999) specifically highlighted ADINA as a possible 
software choice for FSI. 
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5.0 NUMERICAL MODELLING OF MELTBLOWING PROCESS 
 
Due to the growing market interest in meltblowing as a cheap, fast production method of fibres 
for nonwoven fabrics, an increasing demand for understanding of the behaviour of the fibre 
during extrusion has emerged. Many previous studies (see chapter 3.0) have attempted to 
both experimentally and mathematically calculate individual parameters as well as observe the 
fibre behaviour during the extrusion process. None of these studies, however, have developed 
a mesh-based fibre model. With growing research interest, the opportunity arises to build a 
fully mesh-based model of the fibre extrusion process during meltblowing to allow better 
investigation of the fibre during extrusion as well as parametric studies to determine the effects 
of individual manufacturing parameters on fibre properties without the need for costly physical 
experiments. 
 
Therefore, the models outlined in this chapter aim to accurately represent the meltblowing 
process and to model this process utilising various modelling approaches. 
 
Theoretically, the meltblowing process can be broken down into a few simple components. 
The molten polymer is pushed from the polymer capillary at a defined rate and initial 
temperature (above the melting temperature of the polymer) while the air flows at a constant 
rate and temperature from the adjacent air slots. The major unknown in the system is the 
drawing force on the fibre, which needs to be calculated for either 2D or 3D, depending on the 
model dimensions. In FSI applications, this force is calculated using the FSI interface and thus 
air friction parameters.  
 
For models such as dynamic force applications (section 5.4), the air force must be calculated 
in X and Y (and Z for 3D) respectively utilising equations given by fundamental fluid mechanics. 
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5.1 FSI Model 1, ADINA, 2D Single & Double Jet  
 
Utilising the understanding gained from researching various previous models and modelling 
techniques, an initial 2D FSI model were developed. These initial simulations focus on 
modelling dynamic fibre movement in the airflow, to prove the concept of FSI simulations being 
applicable to represent the dynamic fibre movements in meltblowing. 
 
 Assumptions & Limitations 
 
As with any numerical model, a perfect representation of reality is not possible for reasons of 
both computational requirements as well as software accuracy and availability. Therefore, 
some assumptions and simplifications must be made to allow modelling as close to reality as 
possible. 
 
In a real meltblowing line, multiple fibre nozzles are aligned in a row to allow the production of 
multiple fibres at the same time (see Figure 20). Due to an exponential increase in 
computational time when modelling this kind of large-scale manufacturing, the model utilises 
a single nozzle and thus shows one fibre being extruded.  
 
Figure 20 - Left, 2D Representation of meltblowing line, Right, 3D Representation of 
meltblowing line (Krutka et al., 2002). 
 
Ideally, the space around the nozzle would be infinite, allowing the fibre to move in all directions 
to any extent, however, practically this space must be restricted. Therefore, a rectangular cross 
section of a meltblowing die and surrounding air volume is modelled (see Figure 21), thus 
giving a hard boundary through which, the fibre cannot pass.  
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Figure 21 - Representation of 2D die – Left: diagram, Right: meshed with boundary 
conditions in ADINA 
 
 
Another key assumption for this FSI model is that the fibre is represented as an elastic solid. 
In reality, however, the polypropylene exiting the die is still over or around the melting point 
and the material being drawn is somewhere between a solid and a highly viscous liquid, 
depending on local temperature. In this simulation, any elements around the melting point of 
polypropylene are assigned an extremely low Young’s modulus, based on values obtained 
from Cambridge Engineering selector (CES, Granta Design, Cambridge, UK), to represent this 
quasi-solid behaviour. 
 
As with any simulation model, a set of boundary conditions or constraints is needed to correctly 
describe the model. In this case for example, without any boundary conditions, the generated 
air volume is treated as a closed system, which of course does not represent reality, as in 
reality, the outside walls do not exist and allow the air to flow out of the system. Modelling this 
theoretically infinite space is not possible, as a finite space must be defined. Therefore, the 
model is set up with “vent” conditions which allow air to escape, simulating free space around 
the die and “wall” conditions which do not, simulating solid objects in space, in this case, the 
die geometry (see Figure 22). 
 
Air Volume 
Air Inlets 
Fibre Capillary  
Wall (end of air 
space) 
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Figure 22 - Representation of CFD boundary conditions. 
 
Furthermore, the boundary between the fibre (structural model) and air volume (CFD model) 
is prescribed an FSI boundary constraint with a non-slip condition which transfers the motions 
and stresses within the CFD mesh onto the structural mesh and vice versa each timestep. This 
allows the CFD mesh to deform as the fibre does, thus deflecting the airflow within the air 
volume as the fibre moves under loading. 
 
 Simulation Parameters 
 
5.1.2.1 Model Parameters 
 
The values for die geometry were chosen from Lewandowski et al. (2007) with a blunt flush 
die design (see Figure 23, Table 4, Table 5). As these simulations do not focus on the drawing 
element of the process but rather on the effect of the air flow on the fibre, the other die 
parameters are of little importance. The initial air speed was also taken from Lewandowski et 
al. (2007) at 30 m/s. The fibre length (f) was chosen at 100mm (which represents a collector 
distance of 100mm). Thermal effects are not included in these simulations. 
Wall Condition 
Vent Condition FSI Boundary 
Inlets 
Middle section 
removed 
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Figure 23 - Die geometry parameters of a blunt flush die. 
 
Table 4 - Die geometry parameters (Lewandowski et al., 2016). 
Parameter Value 
a - 
b 0mm 
c Not given – 2mm used 
d1 = d2 Not given – 0.64mm used 
e 0.35mm 
θ 45° 
 
 
Table 5 - Manufacturing Parameters (Lewandowski et al., 2016). 
Parameter Value 
Air flow Speed 30, 50, 75, 100, 200 and 300m/s 
Air Temperature 300 
Polymer flow rate 0.00016g/min = 0.0096g/s 
 
 
  
38 
 
The model uses the K-ε flow model for turbulence, which describes turbulent flow with two 
equations, one for turbulent kinetic energy and one for dissipation (see equations 1, 2). As the 
airflow changes during the simulation, the flow should not be considered laminar and therefore, 
implementing a turbulence model allows for a more accurate representation of reality. 
 
 
(𝑝𝑘)
𝑡
+
(𝑝𝑘𝑢𝑖)
𝑥𝑖
=

𝑥𝑗
[
µ𝑡
𝜎𝑘
𝑘
𝑥𝑗
] + 2µ𝑡𝐸𝑖𝑗𝐸𝑖𝑗 − 𝜌𝜖 ( 1 ) 
 
(𝑝𝜖)
𝑡
+
(𝑝𝜖𝑢𝑖)
𝑥𝑖
=

𝑥𝑗
[
µ𝑡
𝜎𝜖
𝜖
𝑥𝑗
] + 𝐶1𝜖
𝜖
𝑘
2µ𝑡𝐸𝑖𝑗𝐸𝑖𝑗 − 𝐶2𝜖𝜌
𝜖2
𝑘
 ( 2 ) 
 
Where 𝑢𝑖 is the velocity component in the principle direction, 𝐸𝑖𝑗 represents the component of 
the rate of deformation and µ𝑡 represents the Eddy viscosity which is given by µ𝑡 =  𝜌𝐶2
𝑘2
𝜖
. 
𝐶µ, 𝜎𝑘, 𝜎𝑡 , 𝐶1𝜖 , 𝐶2𝜖  are constants, given as 𝐶µ = 0.09 𝜎𝑘 = 1.00 𝜎𝑡 = 1.30 𝐶1𝜖 = 1.44 and 𝐶2𝜖 =
1.92. 
 
For the case studies, the used k-e parameters were obtained from Sun et.al, (2016). The 
parameters for C1ϵ and C2ϵ were 1.20 and 2.05 respectively.  
 
5.1.2.2 Material Properties 
 
As mentioned previously a simplified material scenario was modelled. The fibre is modelled as 
solid polypropylene with an extremely low Young’s modulus. In this case, one thousandth of 
the solid young’s modulus (1.3GPa), is used to represent its molten or semi-molten state and 
thus extremely low structural strength during the process. This quasi-solid fibre hangs in the 
airflow along the spinneret axis (see Figure 21).  
 
Ideally, to increase the accuracy of the simulations, a temperature-dependant material model 
for polypropylene (i.e. Johnson-Cook) should be used. However, both this data, as well as 
plasticity data for polypropylene at room temperature, are not readily available. Additionally, 
when modelling a semi-molten material, the material effectively loses most of its strength and 
resembles a viscous liquid. Therefore, for these simulations, the polypropylene will be 
considered as a solid material with an extremely low Young’s modulus as well as assumed 
plasticity parameters to simulate that it is almost liquid. Due to the nature of the material state 
this should have minimal impact – if any – compared to using a full Johnson-Cook model – 
when only considering temperatures above the melting point.  
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5.1.2.3 Mesh Properties 
 
As this study was mainly conducted qualitatively to evaluate the possibility of using ADINA for 
further studies, the mesh was not a focus during model construction. The mesh used was a 
1mm quad mesh for the air “box” and a 0.05mm quad mesh for the fibre – to allow a split of 
the fibre with 0.35mm thickness into more than 3 elements while maintaining a constant mesh 
size.  
 
The total size of the meshed air volume was 100mm x 60mm with y axis, Spinneret axis; x 
axis, perpendicular to spinneret axis respectively. 
 Results 
 
For simplicity, initially only a single jet was activated in the simulation, this had the added 
benefit of a larger deflection being observable without the second jet counter-acting the forces 
from the first (see Figure 24). The fibre can clearly be seen deflecting due to the influence of 
the air jet. However, due to the 2D nature of the simulation, the behaviour is more equal to a 
sheet rather than a fibre in airflow, i.e. it deflects until it reaches its final position and then 
remains there, without air circling around the fibre causing turbulence. 
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Figure 24 – Air velocity plots of single jet simulation with (right) and without (left) 
initial fibre position. 
 
When activating the second jet, the simulation is more like a real-life operating meltblowing 
experiment. Both jets are working against each other horizontally thus causing turbulence 
leading to the fibre being drawn downwards as well as swaying back and forth in the airstream 
(sometimes known as “whipping”). In Figure 25 and Figure 26 (left) the fibre tip can be seen 
initially moving to the right, whereas in the later step (right) the fibre tip has moved back across 
the centreline to the left half of the air channel. The fibre, however, is still behaving as a sheet, 
blocking the air flow from mixing around the fibre which would cause “true” three-dimensional 
“whipping”.  
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Figure 25 - Air velocity plots of double jet initial simulation at 0.35 (left) and 0.5 
seconds simulation time (right). 
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Figure 26 - Air velocity plots of double jet initial simulation at 0.35 (left) and 0.5 
seconds simulation time (right). Note: initial fibre state (purple). 
 
While these initial qualitative studies showed promise, it was apparent that a 3D simulation of 
the air space would be needed to allow the fibre to behave as a fibre and not as a sheet. 
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5.2 FSI Model 2, MSC MARC, 2D Double Jet  
 
Following from the initial 2D model in ADINA (section 5.1), a 2D FSI model was constructed in 
MSC MARC, with the hopes of expanding on the static airflow by adding the movement of the 
fibre into the airflow. 
 Assumptions & Limitations 
 
As with the previous 2D study in ADINA, a single die orifice was modelled. The same boundary 
conditions as with the previous study apply, where a closed wall was modelled for all physical 
geometry – in MARC this was achieved by constraining the air speed across the curves 
defining the wall boundaries to zero – thus effectively allowing no air to escape across the 
boundary (see Figure 27).  
 
Figure 27 - MARC double jet model boundary conditions. 
 Simulation Parameters 
5.2.2.1 Die Parameters  
 
To allow a direct comparison to the 2D study in ADINA, the same die parameters from 
Lewandowski et al. (2007) were used (see section 5.1.2.1).  
 
The main difference to the previous study, was the inclusion of a meshed “rod” (see Figure 
28), representing the polymer within the capillary and reservoir. Within MARC, it was possible 
to have this mesh pushed into the airflow, thus simulating the real process where the polymer 
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is forced into the airflow. This fibre would then be drawn down by the air flow creating friction 
and thus force on the fibre. The movement of the fibre was controlled by applying a 
displacement constraint to the fibre’s mesh – forcing it into the die at the rate 46mm/s – which 
was calculated from the flow rate given in Lewandowski et al. (2007).  
 
Figure 28- MARC double jet model initial condition. 
 
5.2.2.2 Material Properties 
 
As with the die parameters, the same material properties as with the previous study were used 
(see section 5.1.2.2) 
5.2.2.3 Mesh Properties 
 
In MSC MARC, the mesh was chosen accordingly: 
 
• Fibre: 0.07mm “Quad” mesh – 5 elements over capillary thickness 
• Air Volume: Variable size "Tri” mesh – controlled by number of elements on curves, 14 
nodes across die “mouth” – area where die inlets join main air volume. 
 
As with the previous study, the total size of the meshed air volume was 100mm x 60mm with 
y axis, Spinneret axis; x axis, perpendicular to spinneret axis respectively (see Figure 28). 
  
Polymer “rod” Air velocity 
constraints 
Y 
X 
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 Results 
 
Initially, the model was run with only the airflow, which showed a good competence level of the 
CFD modelling capabilities of MARC (see Figure 29). However, once the fibre movement was 
to be introduced, the limitations of MARC became apparent. It was not possible to model any 
interaction between the fluid flow and structural fibre mesh within MARC either through mesh 
contact or boundary conditions. Without this, the model cannot simulate the required 
behaviour, therefore, this approach was abandoned. 
 
 
Figure 29 – Air velocity plot of initial fluid flow, mm/s (MARC). 
It is worth noting that in this simulation, no turbulence was modelled. The deflection of the 
airflow is down to mesh anisotropy causing a force imbalance in the die. This could have been 
corrected with a more uniform meshing approach if the approach had proved more promising. 
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5.3 FSI Model 3, ADINA, 3D Double Jet 
 
In this model, the fibre forms a solid mesh which is joined to a separate CFD mesh by means 
of an FSI boundary. The fibre is modelled as an elastic solid with a low Young’s modulus 
estimated from the Young’s modulus at room temperature. This model allows for a new insight 
into the process, as previous models either lack three-dimensional fibre movement or a 
structural mesh on which changes and stresses along the drawn fibre can be observed.  
 Assumptions & Limitations 
 
Firstly, due to the nature of FE-meshes, cylindrical objects, such as the fibre, can only be 
represented by faceted polygonal shapes comprised of either squares or triangles, as 
elements within the mesh cannot have curved edges. In this study, the fibre was meshed with 
triangular elements (see Figure 30) with a parametric number of edges to the outside polygon. 
 
Figure 30 - Triangular mesh representation of a circle. 
 
To create the 3D double jet model, A new 3D model was constructed with a Z width of 10mm. 
This would, in theory, allow the fibre to move in three dimensions – thus indicating the onset 
of fibre “whipping” (see Figure 31). 
 
Figure 31 - ADINA model of simulation area (3D, unmeshed). 
Air Volume 
Air Inlets 
Fibre Capillary Space 
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If the fibre does travel to this boundary during the simulation, this would also be a good 
indicator for fibre entanglement as the fibre would likely be traveling into the path of an adjacent 
fibre nozzle which are not physically modelled in this simulation. 
 
To define this area, the 3D space was modelled within NX and imported into ADINA as a 
Parasolid body. While it would have been possible to directly create the geometry within 
ADINA, when the fibre cavity was described as a circle the ADINA mesher had difficulties 
correctly meshing the negative space and clipped elements into the fibre space (see Figure 
32).  
 
 
Figure 32 - Circular cut out and thus mesh clipping in ADINA. Orange arrows indicate 
elements cutting through circular hole. 
 
To solve this, the geometry was modelled within NX as an octagonal cut out – which can be 
increased to an n-sided polygon for additional accuracy as desired (see Figure 33).  
 
 
Figure 33 - Octagonal cut out with no elements cutting through negative space. 
 
While more time-consuming, it is of course also possible to create this geometry within ADINA 
itself, which would be done for final models utilising parametric code. 
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 Simulation Parameters 
5.3.2.1 Die Parameters  
 
To allow better comparison to the previous 2D studies, the same die parameters from 
Lewandowski et al. (2007) were used (see section 5.1.2.1). As mentioned in 5.3.1, a 10mm 
deep space around the die was modelled. 
5.3.2.2 Material Properties 
 
As with the die parameters, the same material properties as with the previous study were used 
(see section 5.1.2.2) 
5.3.2.3 Mesh Properties 
 
As with the model in section 5.1, this study was conducted qualitatively to evaluate the 
possibility of using ADINA for further studies. Therefore, the mesh was not a focus during 
model construction. The mesh used was a 1mm tri mesh for the air “box” and a 0.05mm tri 
mesh for the fibre. Local refinement was added around the fibre (the FSI boundary) to increase 
the accuracy of results in this critical area. 
 
The total size of the meshed air volume was 100 mm x 60 mm x10 mm with y axis, Spinneret 
axis; x axis, perpendicular to spinneret axis and through axis respectively (see Figure 31). 
 
Figure 34 – ADINA 3D model dimensions & axis system. 
 
 
  
X = 60mm 
Z = 10mm 
Y = 100mm 
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 Results 
 
As the model was now expanded into 3D, the movement of the fibre could be observed again, 
this time also in the Z direction. 
 
 
Figure 35 – Air velocity plots from initial 3D simulation. Note deflection along all axes 
(front side and top views, side and top views shown without vectors for clarity). 
 
Due to the expansion into 3D, the main limitation of the 2D model was solved. The fibre can 
now swing freely in the X and Z directions (where Y is the spinneret axis), thus allowing the 
model to indicate behaviour aspects such as whipping and entanglement. However, as with 
the 2D models in section 5.1, the main limitation of the 3D model was the lack of large 
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deformation due to mesh overlapping and the lack of controllability of the re-meshing 
capabilities of ADINA for the fluid mesh, as well as lack of any re-meshing capabilities for the 
structural mesh. Solving these limitations would allow the introduction of thermal effects as 
well as the movement of the fibre into the airflow gradually, as seen previously in the model in 
section 5.2, which would yield a very complete 3D model.  
 
Ultimately, given the timeframe of this study and the lacking capabilities and confidence in the 
FSI software, it was decided that further simplifying the situation would lead to a more desirable 
outcome, and thus work on the FSI method was paused and a new approach identified. 
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5.4 Force Drawing Model, MSC MARC, 2D 
 Assumptions, Mathematical background & Limitations 
 
For this model, a simplified and idealised air flow is considered. No anisotropy in the mesh 
leads to a perfectly straight-drawn fibre with only two-dimensional movement. Therefore, 
initially this model can be represented as a 2D planar model, with the spinneret axis being the 
axis of symmetry (see Figure 36) where the x axis is the axis of symmetry (and the spinneret 
axis). As with the previous approaches, only one fibre drawing orifice is considered for the 
simulation. The air jets are not modelled, as their locations are purely considered as numerical 
inputs for the force calculation. 
 
 
Figure 36 - Initial Simulation State x axis = spinneret axis (Scaled). 
 
In this model, the polymer is initially modelled by a rectangular mesh which represents the 
polymer capillary in the die. This mesh is then forced out of the die face at a speed calculated 
using the polymer flow rate for the given case study. 
 
Due to the simplified air flow considered in this model, it is possible to model the airflow 
passively by replacing it with dynamically applied forces, applied to the “outside skin” of the 
fibre, with the magnitudes of these forces calculated as a function of the position of each node 
along the x axis (see Figure 36), i.e. the distance between each node and the air jets. As the 
model is generated from parametric code, these forces are calculated utilising the equations 
as seen in the following section and stored as a tabular dataset within the simulation file.  
Axis of Symmetry 
Drawing force 
Vector  
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This model uses simple boundary conditions to describe the polymer capillary and symmetry 
axis. The polymer mesh is glued to a “driver” which moves at a prescribed speed to produce 
the polymer flow rate out of the capillary as given by the case study. The walls of the capillary 
are in contact with the polymer without friction effects, using the MARC contact condition 
touching, until the polymer exits through the die face. Without this boundary condition, the 
polymer is drawn down within the capillary and thus does not represent the process accurately 
(see Figure 37).  
 
Figure 37 - Polymer losing contact with capillary wall (without boundary condition). 
 
In this initial model, the heat transfer between the molten polymer and the air flow is not 
considered. Thus, as the temperatures are not introduced into the model, the fibre is 
considered to be above the melting point for the entire drawing duration. The air speed is 
introduced as a force dependant on the x distance along the spinneret axis of the node – 
applied to all outer nodes. Before the polymer exits through the die face the force on the nodes 
is zero, and after leaving the force is calculated and applied according to the following air flow 
models. 
  
Die Face 
Drawing 
Direction 
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Mathematical background 
 
To calculate the dynamic force on the fibre along the spinneret axis, relevant equations for jet 
flow of fluid dynamics are applied to a simple 2D jet model (see Figure 38). Where u0 is the 
initial flow speed from the air jet and d is the diameter of the air slot. 
 
 
Figure 38 - Simple 2D Fluid Jet (adapted from Albertson et al., 1948). 
 
Utilising the equations for simple jets (Albertson et al. 1948, Liggett et al., 1998), the air speed 
along the spinneret axis can be calculated. To do this, the jet must be considered in two 
separate sections. First, the Zone of Flow Establishment (ZFE), which extends from the jet 
orifice and continues until the entrained surrounding fluid (in this case air) affects the centreline 
velocity. The pressure distribution in this area follows a “top hat” distribution initially, but 
changes to a Gaussian distribution towards the end of the ZFE. After the ZFE, the second 
region, the Zone of Established Flow (ZEF) continues and theoretically extends into infinity. 
The pressure distribution follows a Gaussian distribution across its width. Mathematically, the 
ZEF extends until the distance from the jet orifice (x) is larger than 5.2 times the orifice diameter 
(d) (see Figure 39). 
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Figure 39 - Jet flow regions (adapted from Albertson et al., 1948). 
 
In the ZFE, the flow rate 𝑞 is calculated as: 
 
 
𝑞
𝑞0
= 1 + 0.08
𝑥
𝑑
           𝑤ℎ𝑒𝑟𝑒 𝑥 ≤ 5.2𝑑 
 
( 3 ) 
In the ZEF, the flow rate 𝑞 is calculated as: 
 
 
𝑞
𝑞0
= 0.62√
𝑥
𝑑
               𝑤ℎ𝑒𝑟𝑒 𝑥 > 5.2𝑑 
 
( 4 ) 
Furthermore, the centreline velocity (umax) and velocity at a given point are calculated as: 
 
 
𝑢𝑚𝑎𝑥
𝑢0
= 6.2
𝑑
𝑥
   
 
( 5 ) 
 
𝑢
𝑢𝑚𝑎𝑥
= exp (−77
𝑦2
𝑥2
) 
 
( 6 ) 
where y is the perpendicular distance from the centreline to the point. 
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Once the velocity at any given point is calculated, the dynamic pressure of the fluid (i.e. the 
pressure on the surface of the fibre) can be calculated with the following equation, where 𝜌 =
1.255 𝑘𝑔/𝑚3. 
 𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑝𝑑 =
1
2⁄ 𝜌𝑣
2 (𝑛 𝑚⁄  𝑜𝑟 𝑃𝑎) 
( 7 ) 
 
With the calculated pressure, the force on the fibre can be calculated for a given area, in this 
case, the area for each section is half the lateral (i.e. the area along the spinneret axis) area 
of the cylindrical fibre with the height equal to the diameter of the fibre, as half of the fibre is 
subjected to the force of each jet. 
 
With the force calculation equations established, one must now consider the alignment of the 
centre axis of the jet to the spinneret axis, as these are not colinear. The perpendicular distance 
from the flow axis to the spinneret axis (JetYDistance) can be calculated using the air jet angle 
Ɵ as well as the function of the Jet Centreline as well as the point on the spinneret axis at a 
given distance XSpinAxis. Thus, the velocity and thus force on the fibre at the point where the 
jet flow intersects the spinneret axis at a given distance of XSpinAxis, (the distance along the 
spinneret axis from the spinneret orifice) can be found with the following steps (see Figure 40).  
 
 
Figure 40 – Schematic representation of Code Variables. 
 
First, the distance XSpinAxis must be calculated. Except for the intersection point of the Jet 
Centreline with the spinneret axis, this is an arbitrary point along the line. To increase the 
smoothness of the resulting force graph, the number of these points can be controlled with two 
variables in the code.  
AirJetAngle 
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Using the coordinates [xn = XSpinAxis, yn = 0] (as all points are on the spinneret axis; y is = 0) 
the perpendicular distance from the point to the Jet Centreline can be calculated using the 
equation: 
 𝑑 =  
|𝐴𝑥𝑛 + 𝐵𝑦𝑛 + 𝐶|
√𝐴2 + 𝐵2
  ( 8 ) 
 
where A is slope of the Jet Centreline, B is always 1 yn is always 0 so term BYn is always 0, 
and C is the distance from the spinneret axis to the centre of the air slot. 
 
To calculate the distance along the Jet Centreline, which is needed to find the speed on the 
centreline the function of the perpendicular line of the Jet Centreline at the point XSpinAxisn 
must be found. Where: 
 𝑦𝑛 =  −
1
𝑚⁄  𝑥𝑛 + 𝑏 𝒕𝒉𝒖𝒔 𝑏 = 𝑦 + (−
1
𝑚⁄  𝑥𝑛) ( 9 ) 
 
with Xn being the current XSpinAxis and yn = 0, as well as the gradient m of the Jet Centreline 
being calculated by: 
 𝑚 = tan(180 − 𝜃) ( 10 ) 
 
With these equations solved, the intersection point of the two functions can be found by 
equating the function of the Jet Centreline with the function of the perpendicular line to solve 
for the x and y coordinates. With the coordinates of the intersection point found the distance 
along the Jet Centreline can be found using: 
 
 𝑫𝒊𝒔𝒕𝒂𝒏𝒄𝒆 = √(𝑥2 − 𝑥1)2+(𝑦2 − 𝑦1)2 ( 11 ) 
 
where [x1, y1] is the origin of the centreline and [x2, y2] is the intersection point of the two lines. 
 
Now that we have the distance to the perpendicular intersection along the Jet Centreline as 
well as the perpendicular distance, the centreline speed at the point along the Jet Centreline 
can be calculated using equation 5 and thus the actual speed at the point where the flow 
touches the spinneret axis utilising equation 6. This speed can be used to calculate the 
dynamic pressure on the fibre and thus the force at the point along the spinneret axis. The 
area for each section of the fibre is chosen as half the area of the outer cylinder wall for one 
section of the fibre where the length of the section is equal to the diameter of the fibre. 
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When considering the force on the fibre, it is important to realise that due to the increase in 
JetYDistance along the diameter of the fibre, the force changes along its radius. All forces 
calculated by the algorithm consider the distance to the spinneret axis, i.e. the centre of the 
fibre. Therefore, the forces on the outside skin of the fibre at the perpendicular distance would 
be slightly higher (see Figure 41). 
 
 
Figure 41 - Varying force across the cross-section of the fibre. 
 
This change in force can be calculated by increasing the distance x by half the diameter of the 
fibre. For a fibre of initial diameter d0 = 0.407mm from case study one (chapter 6.1) this results 
in a change in force of less than 5% and can thus be considered negligible. 
 
Once the force at any point is calculated, it is important to consider the following: even though 
there are two, opposite jets in the system which are both angled along the spinneret axis, the 
force along the spinneret axis must not be doubled as the simulation model accounts for this 
due to symmetry along the x-axis or spinneret axis. However, the forces across the spinneret 
axis (y-axis) are working opposite to each other. In a realistic environment, due to flow 
turbulences these forces are not equal, which induces fibre sway and “whipping”. However, for 
this simulation an ideal flow situation will be considered and thus these forces cancel each 
other out, but still affect a compression of the fibre. For these forces to be applied correctly into 
MARC, the forces must be broken down into their principle forces across and along the 
spinneret axis, again utilising the relative jet angle Ɵ and trigonometric functions. Thus, the 
final forces on the fibre in terms of both X and Y is calculated for a given distance of XSpinAxis 
along the spinneret axis and can be input graphically into the model.  
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Limitations 
 
While this model provides an adequate representation of the fibre drawing process in 2D it is 
important to consider its limitations. The first major limitation of this model is the lack of 
turbulent movement of the fibre, which cannot be achieved in 2D. The only possible solution 
of this limitation is the expansion into 3D. Also, this model initially does not contain thermal 
interactions between the drawn polymer and the airflow and thus fibre cooling. This must be 
remedied by introducing a second “air” mesh with zero stiffness but with calculated 
temperatures, as a gradient reducing along the spinneret axis, as well as heat transfer 
coefficients thus allowing the hot polymer to be cooled by the mesh. 
 
 Simulation Parameters 
5.4.2.1 Die Parameters 
 
As with the previous models, the die and process parameters from Lewandowski et al. (2007) 
were used (see section 5.1.2.1). As there is no air mesh in this model, and the model is 
axisymmetric, the modelled space is simply the cross section of half of the polymer capillary 
and a 100mm long “wall” representing the spinneret axis, along which the polymer is drawn. 
 
5.4.2.2 Material Properties 
 
As with the previous models, the material properties used in this simulation are far from ideal. 
A simplified plasticity model is used, where a fraction of all parameters is used to represent the 
quasi-molten stat of the polymer.  
5.4.2.3 Mesh Properties 
 
In this model, the only meshed object is the polymer which is drawn along the spinneret axis. 
To allow accurate drawing down, the fibre must be meshed with a fine mesh. The fibre is 
represented by 10 quad elements across its thickness – the size of which varies dependant on 
the thickness of the capillary. In this case, 0.0175mm. 
 Results 
 
Due to this model’s success it became the basis for further parametrical studies, the results 
are discussed in detail throughout Chapter 6.0. 
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6.0 CASE STUDIES AND PARAMETRISATION 
 
The real power of mathematical modelling and thus this model lies in parametrisation. A fixed 
model is good for examining one situation or case study, however, with the wide variety of 
possible die geometries and varying process parameters utilised within meltblowing 
processes, a model that can easily be adapted by parametrisation provides massive 
advantages. 
 
To achieve this parametrisation, a python script was written (see Appendix A), which 
introduces all parameters and geometry into the finite element software within a matter of 
seconds. These parameters are stored as an easily manageable data source within the script. 
This script also contains a set of equations to calculate the forces applied to the fibre in the 
“dynamic force” model (section 5.4). Depending on the desired output method, this script thus 
generates the geometry and boundary conditions required within the chosen Finite Element 
software. 
 
To allow validation of the model by comparison of final fibre properties to previous experimental 
studies, the die geometry and system parameters were chosen from previously published 
work. The first suite of parameters comprises of the die geometry as well as manufacturing 
system parameters. In their study, Chen & Huang (2003) varied the polymer flow rate, initial 
polymer temperature & flow rate, initial air velocity & temperature as well as the die parameters 
a, d and θ, allowing for multiple case studies for model validation. The average fibre diameter 
achieved was 70µm.  
 
The second suite of parameters by Hassan et al. (2016) used a higher air speed (150m/s) and 
a lower polymer flow rate, thus resulting in a lower average fibre diameter of 4µm.  
 
Finally, Lewandowski et al. (2016) varied their air speed as well as temperature throughout 
their study. As the previous two studies used a low and medium air speed, for this study the 
maximum used air speed will be chosen at 300m/s for this speed, an average fibre diameter 
of 2µm was achieved. 
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6.1 Case Study One: Chen & Huang (2003) 
 
The initial set of parameters were taken from Chen & Huang (2003). This case study utilises a 
blunt, flush die design (𝑐 >  0;  𝑏 =  0) (see Figure 42). With the following die geometry 
parameters (see Table 6) and process parameters (see Table 7). The achieved fibre diameter 
averaged at 70µm.  
 
Figure 42 - Die geometry parameters of a blunt flush die. 
 
Table 6 - Die geometry parameters (Chen & Huang, 2003). 
Parameter Value 
a 3.32mm 
b 0mm 
c 2.02mm 
d1 = d2 0.65mm 
e 0.407mm 
θ 30° 
 
Table 7 - Manufacturing parameters (Chen & Huang, 2003). 
Parameter Value 
Air flow Speed 25.7 m/s 
Air Temperature 330°C 
Polymer flow rate 0.012g/s 
Initial polymer temperature 350°C 
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Utilising this set of parameters, with the Dynamic Force Model, the following forces along the 
fibre were calculated. As can be seen, the force in the y direction is significantly higher than 
the force in the x direction. This behaviour is expected, as the shallow 35° angle of the die 
means that more of the air is pushing across rather than along the spinneret axis. The forces 
calculated in this case study are the lowest of all three case studies, which is to be expected 
due to the lowest air speed and thus resulting in the largest fibre diameters of all case studies 
(see Figure 43). 
 
   
Figure 43 - Calculated forces for case study 1. 
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6.2 Case Study Two: Hassan et al., (2016) 
 
Case study two is a sharp, inset meltblowing die (𝑐 =  0;  𝑏 >  0) (see Figure 44) with the 
following die geometry (see Table 8) and process parameters (see Table 9). The achieved 
fibre diameter averaged at 4µm. 
 
Figure 44 - Die geometry parameters of a sharp inset die. 
 
Table 8 - Die geometry parameters (Hassan et al., 2016). 
Parameter Value 
a a = 2xd = 1.263mm 
b 1.524mm 
c 0mm 
d1 = d2 0.63mm 
e 0.381mm 
θ 45° 
 
Table 9 - Manufacturing parameters (Hassan et al., 2016). 
Parameter Value 
Air flow Speed 150m/s 
Air Temperature 263.85 
Polymer flow rate 0.005g/min = 0.3g/s 
Initial polymer temperature 226.85 
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When calculating the forces on the fibre with the second set of parameters, an interesting 
phenomenon is highlighted. Due to the 45° angle of the die, the force components in x and y 
are equal parts of the Total Force, thus ForceX = ForceY. As can also be seen, due to the inset 
distance of the die, the force is applied to the fibre earlier (i.e. at a shorter distance to the 
spinneret) than with the other two dies (see Figure 45). 
 
 
 
 
Figure 45 - Calculated forces for case study 2. 
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6.3 Case Study Three: Lewandowski et al. (2016) 
 
Case study three utilises a blunt, flush die (see Figure 46) with the following die geometry 
parameters (see Table 10) and process parameters (see Table 11). Parameters a, b, and d1 / 
d2 are not given in the respective literature, fortunately, these parameters are not essential for 
modeling the process utilising dynamic force application and can otherwise be estimated. The 
achieved fibre diameter averaged at 2µm for an air speed of 300m/s. 
 
Figure 46 - Die geometry parameters of a blunt flush die. 
 
Table 10 - Die geometry parameters (Lewandowski et al., 2016). 
Parameter Value 
a - 
b 0mm 
c Not given – 2mm used 
d1 = d2 Not given – 0.64mm used 
e 0.35mm 
θ 45° 
 
Table 11 - Manufacturing Parameters (Lewandowski et al., 2016). 
Parameter Value 
Air flow Speed 30, 50, 75, 100, 200 and 300m/s 
Air Temperature 300 
Polymer flow rate 0.00016g/min = 0.0096g/s 
Initial polymer temperature 300 
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In the last case study, the same behaviour as in case study 2 can be seen, due to the 45° 
angle of the die the components of the total force in x and y are equal. However, apart from 
having the highest air speed, this case study has a distinct advantage for validating the model. 
The researchers measured the total tensile force on their fibre along the spinneret axis with 
their maximum recorded force being given (graphically) as ~600*10^-5N or 0.006N, which is 
almost precisely the same as the force calculated in with the Dynamic Force Model of 
0.00609068N, showing very good accuracy of the model when compared to real life 
experiments (see Figure 47).  
 
 
  
 
Figure 47 - Calculated forces for case study 3. 
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7.0 CONCLUSIONS 
 
In conclusion, the developed Dynamic Force Model shows an accurate approach to modelling 
a meltblowing die. Unlike the previous attempts, it does not suffer the complication of unified 
FSI – which results in an overly complex model for the currently available software and 
available data sets. The maximum forces calculated with this model are comparable to data 
shown in previous studies, thus indicating an accurate representation of the forces in a real life 
meltblowing die. 
 
Furthermore, the air flow gives a good representation when compared to previously simulated 
meltblowing dies, with a sharp ramp in force (and thus air speed) on the fibre as the jets 
become established and approach the spinneret axis. This behaviour can be seen in Figure 
48, where the initial part of the spinneret axis (yellow line) is not subject to any air flow air flow 
for the first few mm (see black circle). After this region, the force ramps rapidly to its maximum, 
where the air flow speed is the highest, which is to be expected. This is then followed by a 
sharp decline in force as the air flow dissipates rapidly to the surrounding area. 
 
 
Figure 48 - Air speed plot of a meltblowing die (Krutka et al., 2002). 
 
Velocity (M/s) 
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In all, this model exhibits a good basis for further development to reach increased accuracy 
compared to a real-life experiment as well as previous models in published literature. 
Unfortunately, due to complications in MARC, the forces could not be applied to the fibre 
correctly within the scope of this project (see chapter 8.1) and thus final fibre diameters as well 
as the attenuation of the fibre along the axis cannot be modelled correctly. However, were this 
problem to be solved and when using accurate material properties, the Dynamic Force Model 
should provide an accurate model of a meltblowing process, while offering the advantage of 
full visibility of the down-drawing process on an FE mesh, a significant advantage to the 
previous mathematical models. 
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8.0 FURTHER WORK 
 
Due to the complexity of the examined process and thus the nature of developing the 
simulation models there are some aspects of the study which could be improved upon by 
continuing the research in this area. 
 
8.1 Problems with MARC simulations 
 
The main problem of the Dynamic Force Model, which would need to be solved to further 
progress the work, is an internal problem with MARC. When applying a force in MARC with 
the variable relying on the x-coordinate of the current node and then being looked up in the 
force table, MARC only considers the x-coordinate at the start of the simulation. Which in the 
case of these simulations is outside of the force table, i.e. still inside the polymer reservoir. As 
the fibre material is pushed into the flow region by the driver (representing the flow rate of the 
polymer from the polymer capillary), the force is not re-checked and remains zero, resulting in 
the polymer traveling through the air flow without being deformed, a disappointing result. This 
problem could be circumvented by developing either a subroutine to ensure the force is 
dynamically changed along the spinneret axis, with respect to the distance along the spinneret 
axis, or by implementing the forces as a “field” along the axis with the gradient or point forces 
calculated with the Dynamic Force Model. This is possible as the model only requires any x 
and y coordinate in the system to compare to the Jet axis and thus solve for the force. 
 
8.2 Characterisation of polymer for meltblowing 
 
As stated previously, the fibre was modelled as a solid with an extremely low Young’s modulus 
to account for the molten state. For development of a more accurate model, this would not be 
sufficient. Any numerical simulation can only give accurate results if accurate material 
properties and material models are introduced. As the focus of this research is parametric 
modelling of polymer extrusion, an accurate set of material data must be obtained to allow for 
more accurate validation of the model results against previous experimental studies. To this 
end, a suite of experiments was designed to determine elastic and plastic parameters of 
polypropylene samples.  
 
For simple simulations, nanoindentation or tensile testing would suffice to determine the 
Young’s modulus (E) and Poissons ratio (𝜈) for linear elastic behaviour. For more complex 
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nonlinear analysis, the flow curve for plastic behaviour must also be given either by a function 
or graphically. To further develop this study, however, these parameters must be determined 
not only for room temperature but also for increased temperatures. These must be as close to 
the melting point as possible, where accurate results are still obtainable, to correctly allow 
modelling of material behaviour around the melting point during fibre drawing. 
 
 Properties to be Determined 
 
To allow correct data entry into the simulation software, such as ADINA and MSC MARC, 
material data must be found in the correct format. For ADINA, the Young’s modulus of the 
material can be entered graphically as a function of temperature, i.e. the Young’s moduli 
determined by the physical tests at a certain elevated temperature can be utilised directly. For 
MARC, the same functionality is available, however, utilising the Johnson-Cook Flow stress 
model is preferred due to its higher accuracy. The Johnson-Cook model is a widely used 
material model that describes the elastic-plastic behaviour of materials respective to strain rate 
and temperature (see Equation 12). 
  
 𝜎𝑦 = (𝐴 + 𝐵𝜀𝑝
𝑛) (1 + 𝐶𝑙𝑛 (
𝜀?̇?
𝜀0̇
)) (1 − (
𝑇 − 𝑇0
𝑇𝑚𝑒𝑙𝑡 − 𝑇0
)
𝑚
) 
 
( 12 ) 
 
 
where 𝜀𝑝  is the equivalent plastic strain, 𝜀?̇? is the plastic strain rate and Tmelt is the melting point 
of the material (160° for polypropylene). A, B, C, n, m are material constants, which are yield 
stress, strain hardening parameter, strain rate sensitivity parameter strain hardening exponent 
and the temperature exponent, respectively. The material constants A, B, C, n and m must be 
determined experimentally. 
 
 Sample Preparation 
 
To correctly determine the material properties of the material to be examined, it is imperative 
that the correct samples are chosen. Ideally, samples of the exact material utilised to construct 
a given nonwoven would are utilised, which allows for investigation of the material properties 
before and after production. For this project, these exact material samples were, however, not 
available, and therefore the commercially available alternatives made of unfilled homopolymer 
polypropylene samples are recommended. A suitable supplier for these samples was identified 
70 
 
as “Modulus & Matrix” as their samples are manufactured utilising processes in accordance 
with BS EN ISO 527 “Plastics. Determination of tensile properties”. 
 
These samples, as specifically designed for such, were suitable for use on tensile testing 
systems as well as nanoindentation without modification. The Instron 5980 tensile tester with 
a +/- 100kN Load cell is recommended for the tests at Loughborough University. The 
specimens measure 185x20x4mm with a gauge length and width of 80x10mm (see Figure 49 
- Polypropylene Dogbone Dimensions.Figure 49) in accordance with BS EN ISO 527. 
 
 
Figure 49 - Polypropylene Dogbone Dimensions. 
 
While these samples may potentially not have the exact same material properties as 
proprietary blends of specific nonwoven grade polymer, for this numerical study the material 
properties are simply a set of parameters easily modifiable within the parametric study if 
desirable (and obtainable) by the end user. Ultimately, the properties obtained by these 
experiments should provide a close approximation to industrially used polymers. 
 
 Testing Methodology 
 
The main tests recommended for this experimental study are axial tensile tests to fracture at 
constant strain rates. As the material properties at varying temperature are important for this 
study, the samples should be heated prior to the test and extended within a heated enclosure. 
 
If maintaining the temperature within an enclosure is not possible, e.g. due to enclosure being 
to small it is recommended that the temperature of the sample during extension is monitored 
either with an infra-red camera or thermocouples and recorded with the stress-strain curve.  
 
Additionally, it is recommended that to verify these experimental results (for the linear elastic 
region) a second set of simpler nanoindentation experiments at matching temperatures are 
carried out, thus increasing the confidence of the acquired material properties.  
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8.2.3.1 Temperature Increment Testing 
 
In accordance with ISO standard BS EN ISO 527, the following testing procedure to determine 
the elastic-plastic behaviour at elevated temperature is proposed. 
 
To determine the linear elastic and plastic properties at elevated temperature a fixed strain 
rate of 1% of the gauge length per minute must be chosen (8mm/min). To measure the 
properties at increasing temperatures, a temperature cell should be used on the tensile testing 
machine. The base line temperature of the chamber is given as 23 ± 2°C by the standard. Ten 
temperatures should be examined with more of the experiments carried out closer to the 
melting temperature (160°C). Therefore, the proposed temperature increments are: 40, 60, 80, 
100, 110, 120, 130, 140, 150 and 155°C with an additional set of tests as close to the melting 
point as can be achieved with the sample remaining structurally intact. 
 
For each temperature increment, five samples should be tested to ensure accurate mean 
results thus reducing the possibility of inaccuracies in the test setup or material samples. When 
the deviation from the mean is found to be far from the confidence interval (in accordance with 
ISO standard 2602), additional tests must be carried out. 
 
8.2.3.2 Johnson-Cook parameter tests 
 
To determine the Johnson-Cook material constants, a further set of tests is required. These 
tests must be carried out while not only varying the temperature of the sample but also the 
strain rate of the machine – to determine the strain rate sensitivity of the material. Therefore, 
the following five test conditions are recommended: 
 
Table 12 - Johnson-Cook Test Parameters. 
Test NR Strain rate (mm/min) Temperature (°C) 
1 8 23 
2 60 23 
3 120 23 
4 60 100 
5 120 100 
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By utilising data points from these test conditions, the methodology from Holmquist et al. (1991) 
can be utilised to determine the Johnson-Cook material constants. By inputting the values of 
stress, strain, strain rate and temperature from five data points a set of five parallel Johnson-
Cook model equations, the equations can be solved for each constant. The calculated 
Johnson-Cook material constants can then be recorded. 
 
 Evaluation  
 
When evaluating the results, it is most important to investigate if a consistent Johnson-Cook 
model is obtained. Theoretically, any behaviour measured experimentally must adhere to the 
model and thus satisfy the equation. Thus, the J-C constants could be improved by utilising 
more data points and solving a larger array of parallel equations, or the average of multiple 
obtained parameters (from separate sets of parallel equations) could be used. 
 Re-simulation 
 
To validate the experimentally determined parameters, tensile tests with the same parameters 
as the tests performed physically should be simulated utilising a suitable software such as 
MSC MARC with the determined material parameters. This allows for a comparison of the 
material parameters to the experimental results, thus validating the determined parameters 
and material model. 
 
8.3 Thermal Effects 
 
To increase the accuracy of the simulation models, thermal effects should be added to models 
in the future. This would allow the end user to identify when along the spinneret axis the fibres 
cool under the melt temperature and become solid again. This would require adding a 
temperature field or air mesh with a gradient to the MARC simulations, to thus allow the 
modelling of the air around the fibre. For the ADINA simulations, this would simply require the 
addition of required parameters i.e. air temperature and thermal conductivity. 
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8.4 Coupled simulation FSI 
 
In the developed Dynamic Force Drawing Model in MARC, the air flow is calculated as a static 
field. It would be Ideal to – similar as with the initial ADINA approaches – have a live air flow 
field which adapts due to the position and drawn state of the fibre, Ideally with turbulence. To 
do achieve this in MARC, the coupling of another compatible CFD software would be 
necessary. This would allow the two software’s to iteratively calculate time steps and thus solve 
the simulation as a coupled, indirect FSI simulation. 
 
8.5 Parametrisation – addition of Graphical User Interface (GUI) 
 
To aid the usability of the script, a simple but effective GUI should be developed, allowing the 
user to enter the parameters into text fields which are then used when running the script, 
instead of having to modify the parameters within the script directly. The GUI should contain 
additional options such as the activation or deactivation of air jets or the selection of the output 
format for different software i.e. ADINA or MARC.  
 
8.6 Limitations when calculating Fibre Force 
 
One limitation of the fibre force calculations is that the calculated air jets do not interfere with 
each other. This is to say, that the air from each jet does not affect the air from the other jet – 
the air is modelled as if each pass through each other’s flow without consequence. In a real 
meltblowing die and CFD simulations, this is not the case. The air jets deflect each other 
leading to the force along the spinneret axis being aligned to the axis for much longer (as seen 
in Figure 29 and Figure 48). Modelling this behaviour would increase the force on the fibre 
further along the spinneret axis significantly. 
 
This behaviour could be achieved by replacing the jet centreline function with a parabolic 
function which “bends” after intersecting the other jet flow and then follows the spinneret axis 
for longer (see Figure 50). 
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Figure 50 - Current and Desired Jet Centre Axes (White and Black Line Respectively, 
Adapted from Krutka et al. 2002). 
 
This change would further increase the accuracy of the model compared to a real meltblowing 
die and give improved results. Due to the structure of the force algorithm this would not be a 
major change to the code as only a (estimated or experimentally determined) parabolic function 
for the Jet Line would need to be added. The code structure would not have to be changed 
significantly as the principle of calculating the forces with a given coordinate and jet functions 
would remain unchanged, except for an additional function to determine the angle of the 
vectors when splitting the total force into ForceX and ForceY as the angle of the vector would 
change along the Jet Line. 
  
Current Jet Line Optimal Jet Line 
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APPENDIX A – Model Code 
 
__author__ = 'Alan Grice' 
 
from math import * 
from decimal import * 
from sys import version_info 
from py_mentat import *  # not a real library, simply contains command to print 
marc output when py_send is called 
 
getcontext().prec = 5 
 
# ~~~ die geometry parameters (mm) 
 
DieInsetDistance = 0 
DieNozzleWidth = 2.02 
AirSlotWidth = 0.65 
CapillaryWidth = 0.407 
AirJetAngle = 30 
 
# ~~~ process parameters 
 
CollectorDistance = 100  # mm 
InitialAirSpeed = 0.257  # m/s 
PolymerFlowRate = 0.012  # g/s 
 
# ~~~ material properties 
PolymerDensity = 0.000946  # g/mm³ 
PolymerYoungs = 1.6/1000 
PolymerPoisson = 0.4 
 
# ~~~ MARC parameters 
 
LoadcaseTime = 0.1  # seconds 
LoadcaseNTimesteps = 100 
 
NumberOfForceGraphPointsBeforeIntersect = 100 
NumberOfForceGraphPointsAfterIntersect = 100 
 
SubDivideX = 100 
SubDivideY = 10 
 
 
ReservoirLength = (Decimal(PolymerFlowRate)*Decimal(LoadcaseTime) / 
                   Decimal(PolymerDensity)) / (Decimal(pi) * 
Decimal((CapillaryWidth/2)**2)) 
 
DriverSpeed = Rounded(ReservoirLength / Decimal(LoadcaseTime)) 
 
 
# classes 
 
class ForcePoint(object): 
 
    XSpinAxis = [] 
    JetYDistance = [] 
    DistanceFromOrifice = [] 
    CentrelineSpeed = [] 
    ActualSpeed = [] 
    TotalForce = [] 
    ForceOnFibreX = [] 
    ForceOnFibreY = [] 
 
    def __init__(self, XSpinAxis, JetYDistance, DistanceFromOrifice, 
CentrelineSpeed, ActualSpeed, TotalForce,  ForceOnFibreX, 
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                 ForceOnFibreY): 
            self.XSpinAxis = XSpinAxis 
            self.JetYDistance = JetYDistance 
            self.DistanceFromOrifice = DistanceFromOrifice 
            self.CentrelineSpeed = CentrelineSpeed 
            self.ActualSpeed = ActualSpeed 
            self.TotalForce = TotalForce 
            self.ForceOnFibreX = ForceOnFibreX 
            self.ForceOnFibreY = ForceOnFibreY 
 
 
# functions 
 
def ShowForcePointInfo(ForcePoint): 
 
    print("ForcePoint Info is XSpinAxis: %s, JetYDistance: %s, DistanceFromOrifice: 
%s, CentrelineSpeed: %s, ActualSpeed: %s, TotalForce: %s: ForceOnFibreX:%s, 
ForceOnFibreY:%s" 
          % (ForcePoint.XSpinAxis, ForcePoint.JetYDistance, 
ForcePoint.DistanceFromOrifice, 
             ForcePoint.CentrelineSpeed, ForcePoint.ActualSpeed, 
ForcePoint.TotalForce,  ForcePoint.ForceOnFibreX, ForcePoint.ForceOnFibreY)) 
 
 
def SendForcePointInfoX(ForcePoint): 
 
    py_send("%s, %s" % (ForcePoint.XSpinAxis, ForcePoint.ForceOnFibreX)) 
 
 
def SendForcePointInfoY(ForcePoint): 
 
    py_send("%s, %s" % (ForcePoint.XSpinAxis, ForcePoint.ForceOnFibreY)) 
 
def SendForcePointInfoTotalForce(ForcePoint): 
 
    py_send("%s, %s" % (ForcePoint.XSpinAxis, ForcePoint.TotalForce)) 
 
 
def GetForcePointData(XSpinAxis): 
    if XSpinAxis == 0: 
        JetYDistance = JetFunctionB 
        DistanceFromOrifice = 0 
        CentrelineSpeed = InitialAirSpeed 
        ActualSpeed = CentrelineSpeed 
        TotalForce = 0 
        ForceOnFibreX = 0 
        ForceOnFibreY = 0 
    else: 
        # print("current x coord:%s " % XSpinAxis) [debug] 
        # 1 find perpendicular distance from jet line to current XSpinAxis 
 
        JetYDistance = (abs(JetFunctionM * XSpinAxis + JetFunctionB)) / 
(sqrt((JetFunctionB ** 2) + 1)) 
 
        # find intersection point of perpendicular line to jet axis at point 
XSpinAxis (coordinates XSpinAxis, 0) 
        # 2 use this to find distance from jet orifice (x0,y=JetFunctionB) to 
calculated Intersect point 
 
        BPerpLine = 1/JetFunctionM * XSpinAxis 
 
        PerpIntersectX = ((JetFunctionB - BPerpLine) / (JetFunctionM*-1 + 
(1/JetFunctionM*-1))) 
        PerpIntersectY = JetFunctionM * PerpIntersectX + JetFunctionB 
 
        DistanceFromOrifice = (sqrt((PerpIntersectX-0)**2 + (PerpIntersectY-
JetFunctionB)**2))-DieInsetDistance 
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        # 3 calculate centreline speed at distance from jet orifice 
 
        CentrelineSpeed = 6.2*(AirSlotWidth/DistanceFromOrifice) * InitialAirSpeed 
 
        # CentrelineSpeed = 
(6.2*sqrt(AirSlotWidth/DistanceFromOrifice)*(InitialAirSpeed))  # x 1000 converts 
to mm/s 
 
        # print("Calculated Centreline Speed:%s" % CentrelineSpeed) [debug] 
 
        # 4 calculate Actual speed at intersect point ActualSpeed (using 
JetYDistance) 
 
        if JetYDistance == 0: 
            ActualSpeed = CentrelineSpeed 
        else: 
            ActualSpeed = exp(-
77*(JetYDistance**2)/(DistanceFromOrifice**2))*CentrelineSpeed  # m/s 
 
        # 5 calculate force on fibre 
 
        # print("actspeed %s" % ActualSpeed) [debug] 
 
        DynamicPressure = ((1/2)*1.225*(ActualSpeed**2)*0.000001)  # n/mm2 
 
        #print("dynpres %s" % DynamicPressure) 
 
        AreaOfFibreSection = pi*(CapillaryWidth/2)*CapillaryWidth*0.1  # fac 
 
        #print(AreaOfFibreSection) 
 
        TotalForce = DynamicPressure * AreaOfFibreSection 
 
        ForceOnFibreX = sin(radians(AirJetAngle))*TotalForce 
 
        ForceOnFibreY = cos(radians(AirJetAngle))*TotalForce 
 
    # print("totalforce %s" % TotalForce) [debug] 
 
    # store all calculated data in object 
    point = ForcePoint(XSpinAxis, JetYDistance, DistanceFromOrifice, 
CentrelineSpeed, ActualSpeed, TotalForce, ForceOnFibreX, 
                       ForceOnFibreY) 
    ForcePointsList.append(point) 
 
# ~~~~ build code starts ~~~~ 
 
#  find force graph 
 
ForcePointsList = [] 
 
# Find intersect point of jet axis with x axis (Spinneret Axis) aka y = 0 
 
JetFunctionM = tan(radians(180-AirJetAngle))        # find Slope of JetFunction 
 
JetFunctionB = (CapillaryWidth / 2) + (DieNozzleWidth / 2)       # find Y intersect 
of Jet function (x=0) 
 
JetXIntersectPoint = -1*JetFunctionB / JetFunctionM            # y = mx + b --> x = 
(y+b)/m y = 0 
 
print("Jet Centreline Intersects Spinneret Axis at [%s,0]" % JetXIntersectPoint) 
 
# define points where forces are to be calculated i.e. x before intersect y after 
intersect & intersect point 
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ListOfDesiredPointXCoords = [JetXIntersectPoint] 
 
counter = 1 
for i in range(0, NumberOfForceGraphPointsBeforeIntersect): 
    XSpinAxis = (JetXIntersectPoint / (NumberOfForceGraphPointsBeforeIntersect + 
1)) * counter 
    ListOfDesiredPointXCoords.append(XSpinAxis) 
    counter += 1 
 
counter = 1 
for i in range(0, NumberOfForceGraphPointsAfterIntersect): 
    XSpinAxis = JetXIntersectPoint+(((CollectorDistance - JetXIntersectPoint) 
                                     / (NumberOfForceGraphPointsAfterIntersect + 
1))*counter) 
 
    ListOfDesiredPointXCoords.append(XSpinAxis) 
    counter += 1 
 
ListOfDesiredPointXCoords.append(0) 
ListOfDesiredPointXCoords.append(CollectorDistance) 
 
ListOfDesiredPointXCoords.sort() 
 
for self in ListOfDesiredPointXCoords: 
    GetForcePointData(self) 
 
"""counter = 1 
for i in ForcePointsList: 
    # print("ForcePoint %d" % counter) 
    ShowForcePointInfo(i) 
    counter += 1""" 
 
# ADD print parameters used for current model 
 
print("CapillaryWidth %s , ReservoirLength %s , DriverSpeed %s" % (CapillaryWidth, 
ReservoirLength, DriverSpeed)) 
 
 
# ++++++++++++ Build MARC Geom 
 
py_send("*set_model_length_unit millimeter") 
py_send("*new_model yes *py_echo off") 
# py_send("*draw_manual") # turns off auto refresh (to speed up marc build) 
# py_send("*set_undo off") # turns off undo (to speed up marc build) 
 
 
py_send("*add_points") 
py_send("0,0,0") 
py_send("%s,0,0" % (Rounded(ReservoirLength * -1))) 
py_send("%s" % (Rounded(ReservoirLength * -1)))  # x 
py_send("%s" % (Rounded(CapillaryWidth / 2)))  # y 
py_send("0")  # z 
py_send("0,%s,0" % (Rounded(CapillaryWidth / 2))) 
py_send("%d,0,0" % CollectorDistance) 
 
py_send("*add_nodes") 
py_send("0,0,0") 
py_send("%s,0,0" % (Rounded(ReservoirLength * -1))) 
py_send("%s" % (Rounded(ReservoirLength * -1)))  # x 
py_send("%s" % (Rounded(CapillaryWidth / 2)))  # y 
py_send("0")  # z 
py_send("0,%s,0" % (Rounded(CapillaryWidth / 2))) 
 
py_send("*add_curves 1,2 2,3 3,4 5,1") 
 
py_send("*add_elements 4 3 2 1") 
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py_send("*new_cbody geometry *contact_option geometry_nodes:off *contact_body_name 
driver \ 
        *contact_value vx %s *add_contact_body_curves 2 #" % DriverSpeed) 
 
py_send("*new_cbody geometry *contact_option geometry_nodes:off *contact_body_name 
walls \ 
        *add_contact_body_curves 1 4 #") 
py_send("*new_cbody geometry *contact_option geometry_nodes:off *contact_body_name 
capillary \ 
        *add_contact_body_curves 3 #") 
 
py_send("*new_cbody mesh *contact_option state:solid *contact_option 
skip_structural:off *contact_body_name polymer \ 
        *add_contact_body_elements 1 #") 
 
py_send("*new_interact mesh:geometry *interact_option state_1:solid *interact_name 
glued \ 
        *interact_option contact_type:glue") 
py_send("*new_interact mesh:geometry *interact_option state_1:solid *interact_name 
touching") 
 
py_send("*new_contact_table *contact_table_option polymer driver contact:on \ 
        *prog_string ctable:old_interact glued *ctable_entry_interact polymer 
driver \ 
        *contact_table_option polymer walls contact:on \ 
        *prog_string ctable:old_interact touching *ctable_entry_interact polymer 
walls \ 
        *contact_table_option polymer capillary contact:on \ 
        *prog_string ctable:old_interact touching *ctable_entry_interact polymer 
capillary ") 
 
py_send("*new_mater standard *mater_option general:state:solid *mater_option 
general:skip_structural:off \ 
        *mater_name polymer *mater_option structural:plasticity:on 
*add_mater_elements *all_existing \ 
        *mater_param general:mass_density %s \ 
        *mater_param structural:youngs_modulus %s \ 
        *mater_param structural:poissons_ratio %s" 
        % (PolymerDensity, PolymerYoungs, PolymerPoisson)) 
 
py_send("*new_md_table 1 1 *table_name TotalForce *set_md_table_type 1 x_coordinate 
*table_add") 
 
counter = 1 
for i in ForcePointsList: 
    SendForcePointInfoTotalForce(i) 
    counter += 1 
 
py_send("*table_fit") 
 
py_send("*new_md_table 1 1 *table_name ForceX *set_md_table_type 1 x_coordinate 
*table_add") 
 
counter = 1 
for i in ForcePointsList: 
    SendForcePointInfoX(i) 
    counter += 1 
 
py_send("*table_fit") 
 
py_send("*new_md_table 1 1 *table_name ForceY *set_md_table_type 1 x_coordinate 
*table_add") 
 
counter = 1 
for i in ForcePointsList: 
    SendForcePointInfoY(i) 
    counter += 1 
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py_send("*table_fit") 
 
 
py_send("*sub_uvwdiv u %f" % SubDivideX)  # x 
py_send("*sub_uvwdiv v %f" % SubDivideY)  # y 
py_send("*subdivide_elements *all_existing") 
py_send("*sweep_all *renumber_elements *renumber_nodes") 
 
 
py_send("*select_nodes_elements outside *new_apply *apply_type point_load 
*apply_name drawing_force *add_apply_nodes") 
TotalNodes = ((SubDivideX+1)*(SubDivideY+1)) 
py_send("3 4") 
for i in range(4+SubDivideY, TotalNodes-SubDivideY, (SubDivideY+1)): 
    py_send("%s" % i) 
py_send("#") 
 
py_send("*apply_dof x *apply_dof_value x 1 *apply_dof_table x  ForceX 
*apply_dof_value y -1 *apply_dof_table y  ForceY") 
 
py_send("*new_loadcase *loadcase_type struc:static *loadcase_value nsteps %s 
*loadcase_value time %s \ 
        *loadcase_ctable ctable1 *add_loadcase_loads drawing_force" % 
        (LoadcaseNTimesteps, LoadcaseTime)) 
 
py_send("*new_job structural *add_job_loadcases lcase1 *job_option dimen:axisym 
*job_contact_table ctable1 \ 
        *add_post_var von_mises") 
 
